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ABSTRACT

Two techniques for testing compact heat exchangers are refined.

They are the maximum-slope variation of the single-blow transient

technique, and the regular periodic technique.

The maximum-slope method is imprcved by using an electronic control

to produce a very fast heater repponse, thereby generating a sharper

step change in airstream tempezature. The design method for the elec-

tronic control is presented along with an experimental verification of

its function. A 40 to 60 percent reiuction in the heater system time

constant was achieved. This produced an average increase in exper.mental

heat transfer results of 4 percent, for four glass-ceramic matrix sur-

faces tested.

The periodic technique is improved by establishing guidelines for

use over a range 0.2 < Nt < 50. Solutions are derived to include the

effects of wall 16njiitudinal con"uct-on, both finite and infinite. The

finite solution is incorporated into a data reduction program. Experi-

-mental heat transfer results obtained using the periodic technique are

-presented for a new glass-.ceramic .matrix surface (Core 510) in the test

range 2.6 < N- <'36.6. This range was UI-ited by test rig capabilities

with respect to air flow rate and heater power, not the test techniqu3.

Periodic technique resultis are compared with maximum-slope method results

(3.6 < N < 21.3). The agreement is excellent.

A critical ccmpariscn of the periodic and ma.ximum-slope technique

is provided. It is conc.-ded that the periodic tecnnique has the major

advantages- of

1. A very wide useful range, 0.2 <N < 50.
Ntu

2. Easily generated experimental waves.

3. The accuracy of an integral technique.

In contrast the maximum-slope method possesses the advantages of

Being easy and fast to use.

2. Not requiring a digital computer for data redluction.
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NOMENCLATURE

English Letter Symbols

A Test core heat transfer area

A, B, a, b Fourier coefficients

A Test core minimum free-flow area
c

Afr Test core total frontal area

A Cross-sectional area for wall longitudinal conduction

C f Flow-stream capacity rate (wc p)

C Wall total thermal capacity (M c )
w w w

C Zlectrioal capacitors

c Specific heat

c Specific heat at constant pressurep

c w Specific heat of core- solid material

d* Cell height/cell width

Df Amplitude attanuation of fluid temperature wave

Hydraulic diameter of internal passage ( = 4r h = 4 AcIIA)

0w  Amplitude attenuation of wall temperature

-ECAP Electronic Circuit Analysis Program

f Friction factor

G Mass velocity (w/A.) C+

h Average unit conductance for thermal-convection heat transfer

i Enthalpy
2/3

JSt -

k Thermal conductivity

Ntumber of data points taken in a test

xii

....
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eK Cotatonadepansion loss coefficients for flow at

exchanger entrance and exit.

L Total heat exchanger flow length

M Mass

MS maxinttm slope

N Cell count for matrix

N R Rynolds number (4rhG/V)

N St Stanton number (h/Gc)
"Stp

I Nussett, number (41.,hlk)

Npr Prandtl number (c uWk)

Nt Number of transfer units for an exchanger, (hA/Cf

EFP Pressure

p Porosity

q Heat -trani.Ler rate

R Heat transfer thermal resistance or-electrical resister

rh HaydrauL4~c radius

SCR Silicon controlled rectifier

T Temnerature

t - wa,l-thickness to adiabatic surface

T mean temperature for system.

T Nondimensional temperature

U Rate of change of internal energy stored

WJT uni junction, transistor

V voltage

w Mass f love rate

X Axial flow coordinate



x Nondimensional axial flow coordinate (x/L)

Z Generalived space coordinate (x Ntu)

Greek Letter Symbols

aRatio of total heat transfer area of exchanger to volume of

exchanger

A phase shift, defined in Eq. (V-20)

y _hase shift of fluid temperatu-" wave

A Small qaantity or change

AT Temperature amplitude of fluid at inlet0

Constants used in the pperiodic technique finite wall longitudi-

nal conduction solution

¢364 Constants used in the periodic technique infinite wall

longi;udinal conduction solution

1iscosity

p Density

o Tim

H  Time constant of heaters

e,,c Time constant of ti.erucouples

00 Period of oscillation

Nondimensional time (O/Bw)

Wall longitudinal conduction parameter (k A /LC

-- (1

2r

* =NN /*
0f

xi~i
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Subscripts

expr. Experimentally obtained value

f Fluid

H Heater

I index su~bscript

m mean value

TC shtenocouple

w wall

1. tUpstream, x* 0

2 Downstream, x

pree stream value
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1.INTRODCTION

.rhere is currently an increasing emphasis on the development of the

regenerative gas turbine engine for vehicular applicatiou. One of the

many advantages over its piston engine competitor is the potential for

low exhaust ig?3 emissions (smog). Several regenerator designs incorpo-

rate a periodic flow type heat exchanger with a matrix surface. To size

the matrix surface, designer-s- need to know the basic flow friction and

heat transfer characteristics of the surface, Hest transfe_" character-

istics can be cbtained experimentalLy from an analysis of the transient

response of a te3t core.

'--re are several variations of the transient technique which in

application require an expeam_-ta apparatus and an appropriate =athe-

matical model. The term mathematical model as use in this report

consists of the specified idealized system incuding the boundary coi--

tions and additionally the differential equatio, and the souio

Heat transfer characteristics are determined by mtching the experi-

mentally established teerature variation of the fluid leaving the

matrix with a similar theoretical result Irom the mathematical model.

Mhe mathematical models used ccenly Are for-the step functicn i Ut

proposed by Locke [1] and thers, and the periodic funcion input- ogi-

afly considered by Bell and Katz [2]. These Sodels require that the

input temperature waveforn used in developing the- theoreti.l results,

be paodCed by th e perimenter. OWis is esneially diffic-ilt in the

case of the step functiun.

There ar*_ two ways of correcting for errors in heat transfer results
associated with non-step 1 -its, analytical and experimental. Analytical

correction involves changi g the test experimental results by an ano nt
corresponding to the deviati.i from the true step function. Kchb ayr

[3 has d this by extezdig L ck's =axi-slcpe =ethod to arbitrazy

1 Bracketed mbers refer to references listed on page x

I



upxtOem fluid temperature changes. However his findings presented in

r3) have not been experimentally validated. Experimental correction7

involves developting a test rig which wil more closely approach the

step function input. This approach is desirable since a somewhat

speculative theoretical "correction" does not need to be applied to the

test results.

The periodic technique was consideied-in. detail by Stang and Bash

[4] for low values of N - (i.e. 0.4 < N < 4.8). 7he technique was

found to be p~ractical, and further development to extend it to higher

vaLlues of N Vas recocmiended.

The objectives of this study are to:

-1. Design and build a heater control which ichen connected to th1e

Stanford transient test rig will produce A step in te=mne ature

which more closely approaches a true step function.

2. E -ermentally validate the operation of the new heater system.

3. Excaine possible changes in heat: transfer results caused by

using the heater control

4. Furtbrr develop the periodic: technMitoe SO that it W5 1 -be

uxab-e in the -test range 0.2 < %. <-50.

5. Develcp a mahmtianodel for the peklodic-technicp*-iihich

will accunL for t_,e inf luenc. of wall xqn~tudinal coduction.

6; Develop a practical data reduction procedure for the periodic

tehni =_e.

7.Ccmake heat transfer res-alts obamdusing the periodic

techniiue. iind the maxim-sippe metho&

2
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2. GEMERJ OPEPATION OF' TH E TEST RIG

2. 1 introduction

The transient test technique uses one f luid stream f lowing through

a test matrix. The general schematic diagram of -a transient test rig

such as that used tit Stanford is given in Fig. 2.1. Details of this

6esign are provided-by Nhealdr [5-]. Appendix I provides detailed

specifications for the rig components.

P.er control

rigre .1Teasiet TesnRiuceduti

Functions of the various elements are:

1. In1~t - moth -out variations in fluid velocity and tem.erature

and-provide a smooth transition to f low An a -4uct.

2. H eaters - Provi&e -an input tweratze res-POnse for the air-

stream enteriq the test secticn.

H& eater Contro-l Rpaui~te electric power to beaters.

4. Test s-ction - Contains the test matrix.

3



5. Flow meter - Measure accurately the air flow rate through the
R test sectiLon.

6. Blower -Indluces air flow through the system.

7. -Pressure and temperature sensors.

a. Pitot Tube -Two-dimensional velocity traverse downstream- of the

test core.

-The designs. of the inlet, heaters, test section, blower, and pressure

and temperature sensors are described in []

When the heater is energized it functions so as to produce either

a step-change or a cyclically varying temperature in the steadily flow-

ing airstream. The single-blow transient technique employs the step-

change. The periodic techniquie uses the cyiclically varying temperature.

An approximate step-change in temperature may be obtained by simply

connectingV or disconnecting an electric power source. This tends to

pruduce an exponential type ot temperature change, pointed out in [a]

and shown in section 3.

cyclic temperature variatIon may be obtained by using a DC genera-

tor-and varying the field strength.- Axrother possibility would be to use-

a variabld-transfor X driven mechanically. These could be rather

unwieldy and another-arrangement. using electronic circuitry was employed.

The electronic heater control circuit is described in the following

section.

2.~2 Heater Control--CJ-cuit

The circuit i.n-Figs. 2.2 anid 2.3 was designed to provide an arroxi-

mate stepchange in temperature which has a short rise-time (< 0.05 sec).

The electronic circu4itry of Fig. 2.3 accciaplishes this by speciai regu-

lation of the-electrical power supplied to the heaters. The basis for

t '~e design and its-test results are divscussed. at length in Sections 3

through 6and Appendices 11, 151, and-'IV. The circuit has the addi-

tional capability of generating a cyclic temperature variation When an

appropriate c -licallyvarying rdsistor is used (Periodic input. Fig.

2.3).

4
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A list of the colnponents used in tha heater control circuit is

given in Table 2.3.. Capacitors C2 and C3 are banks of fixed capacitors

connected using manually set rotary switches. Schematics of the switch-

ing diagrams and capacitor banks are included in Appendix I.

The descriptions of the positions of switches 2 through 5 in Fig.

2.3 are:

D - step-down in airstream temperature

U - step-up in airstream temperature

P - cyclic variation of airstream temperature

N - normal airstream temperature response obtained by simply turn-

ing he electric power on-off.

Nomenclature for the silicon controlled rectifier (SCR) leads is:

K cathode, A anode, and G gate.

2.3 Operation of the Heater Control

Wave shapes, showing the operation o key elements in the heater

control circuit, are sketched in Fig. 2.4. They ray be used as an aid

in understanding the operation of the circuit, or as a guide in trouble-

shooting or checking-out a newly coxistructed circuit.

The basic el.ct:ic supply is 117 volts AC, 60 Hz. This sets a

limit on the arnoolit ( ': electric power available to the heaters, which

have an electrical resistance of 5 ohms. The basic AC supply is full-

wave rectified by CR1, CR2, CR3, and CR4 and applied to the firing

circuit, Fig. 2.3. Tha voltage applied to the firing circuit is then

"clanped ' or held almost constant by zener diode, CR5. The effect of

this clamping is to supply the firing circuit with a good approximation

of a DC voltage source.

The DC voltage is applied to the series resistance-capacitance

network foxmed by R2 and C The voltage across C1 will be a simple

exponential function of time. dependent on the magnitudu of the

manually variable R2. Thi voltage formed across C1 is applied to the

emitter of unijunction transistor (lead I).

6



Table 2.1

COMPONENTS USED IN THE ELECTRONIC HEATER CONTROL

Component Description

SCR 1, SCR2  GE C35B, Silicon Controlled Rectifier

CR 1 4 , CR6, CR GE 1N1694, Rectifier Diode

CR5  GE Z4XL22, Zener Diode, 22 volts

GE 2N2646, Unijunction Tzansistor

T UTC H51, Pulse Transformer

R1  390 0, 1 watt

R2  100 K, Linear Taper Pot

R 3300 C), 5 watt
3
R 4  470 ( 2 watt

R,5 2000 0 Linear Taper Pot
3

R6 39 , 2 watt

C1  0.22 PF

C2 1 F

C -C 0 i2,2 2,12 0,5 pP
C 150 PF_ C3,1I

C3 , 2  100 pP

C3 3  80 ;AF

C3 , 4  60 gP

3,5' C3,6' C3,11  40 pF

C3 , 25 tAF

C3 ,8 20 VF

CC 10 p
3,9' C3 , 10

614 SPST Toggle Switch

2 - SW5  Rotary Switch, 4-position

C2' Sc3 Rotary Switch, modified to function

as described in Appendix I.
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The unijunction tzansistor (UJT) has a unique electrical charec-

teristic which is very useful in this application. it has a stable

firing voltage, called Vwhich is a fixed fraction of the interbase

voltage NI., (lead 4 to 2). This characteristic is shown in Fig. 2.5:

0 tzi g Vo t ge V

0oitv ResFiinsVoltcee

Figur 2.5UnjNeaive Trsistanmier

chaaacerieti strc

As the emitter voltage VE (lead 1 to 2) increases from zero.. the emitter

current 3:i becomes less negative and then sligthtly positive. 7he emitcter

in this region behaves much like a high passive positive resistor. When

VE reaches the firing voltage V., the UJT fires. This is characterized

by tlt: r jative resistance region in Fig. 2.5. Firing allows the

capacitor C 1 to rapidly discharge through one i-ind.ing of the pulse

transformer TV. A pulse voltage is then induced across the gates of the

SCR~ s. Fig. 2.4 illustrates the gate current wave shape. The resulting

gate current triggers the forward biased silicon controlled rectifier

( 1R r C. into conduction.
The silicon controlled rectifier (SCR) is a unidirecional. semi-

conductor switch, a p:-n-p-n device. in its blocking state, current does

9



not flow in either direction. However, if a small current pulse (typi-

cally 3 volts for 10 to 50 microseconds) is applied ftom the gate G to

the cathode K while the device is forward biased, turn-on will occur and
the device will become conducting. Conduction will continue until the

current drops below about 100 mA or reverses. In the reverse biased

direction, the SCR acts like a simple diode and blocks current flow.
Because of the very fast turn-on time (can be considered instantaneous),

it is possible to trigger an SCR into conducting during an intermediate

point on the AC wave. The SCR may be repeatedly triggered, cycle-after-

cycle, at a regulated fraction of each AC cycle. The result is a control

on electric power, called AC Phase Control. The circuit shown in Figs.

2.2 and 2.3 is a full-wave phase control circuit requiring the use of 2

SCRIs. Ref. [63 contains a broad discussion of theory, ratings, and

applications of the 5CR, including some basic AC phase control circuits.

The unijunction transistor firing voltage V, is a function of the

interbase voltage V . The specification sheet [7] for UJT 2N2646 lists
-BBthis function as typically

VP = 0.65V + 0.5 2.1)

The interbase characteristic is very much like a simple resistance if

I E R 0. The fi-inq voltage function and the interbase characteristic

will be used in the analysis of liter sections. By regulating VBB , or
the time required for the voltage across CA to reach Vr, the firing time

or phase in each AC wave can be controlled. The resulting AC phase con-

trol unit will be used as the heater control. The steady-state output

level of the heater control utilizes the time required for voltage across

CI to reach V to determine its magnitude and is controlled mainly by
R2 ' An nitial power surge (or lack of it in the step-down condition),

required to vi ry quickly bring the heaters to steady-state, uses the

variable regulaticn of VB. This later type of electrical heater power

revulation will be termed the AIDED condition in the sections which fol-

low. In summary, the heater control sharpens the step-change by applying

an electric power surge (in the aided step-up case) or by delaying the

lower level steady-state power (in the aided step-down case).

10



3. HEATER ANALYSIS

3.1 Description

The low thermal capacitance airstream heaters are described fully

in [5]. A brief description follows. The heater system consists of

four banks of resistance wires electrically in parallel suspended across

the airstream, about 1.3 inches apart in series flow. The wire is 0.003

inch diameter alumel. Each bank has 182 inches of wire in 56 passes,

each 3.25 inches long. The wire passes are electrically in series.

Thermal expansion of the wire (about 0.01 inches per 3.25 inch

pass) occurs during operation. To take up the slack each pass of wire

is looped over an extended cantilever spring support. Spring deflection

maintains wire tension in both the heated and unheated sutes.

Heater wire temperature and heat flow to the surrounding airstream

may be analyzed using the thermal circuit in Fig. 3.1.

T

H

jjIt H ()

-- T =Datum1

Figure 3.1 Thermal circuit for Heater Wires

With respect to the T variation, the air temperature Tw can be treated

as constant and used as a datum (see idealization (4) to follow).

11!
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idt=alizations used in the heater analysis are:

1. Wire temperature is uniform an'3 responds as a single lump.

2. Thermal resistance % is a functioii if air flow rate only.

3. Thermal capacitance C is a constant.

4. The airstream temperature change in heating (w 200F) is amall

compared to TH (F-- 300-F above the air termperat-re)

The thermal resistance for convective heat transfer from the heater is

defined:

=a~ H (3.1)
HH

The thermal -ipacitance of the heaters is calculated using

H ( (3.2)

Actual values for R. and Ca are shown in Fig. 3.2 and are calculated in

Appendix II.

Thermal energy rate generated by the electrical resistance of the

heaters, %(0), is plotted in Fig. 3.3. The figure shows this energy

rate as a function of the voltage impressed by the heater control. In

turn the voltage can be regulated to be a function of time

The heater in sig. 3.1 has a temperature response, TH, expressed in

equation form as

-- + C de d(M) (3.3)

The energy rate (thermal current) flowing through the convective resistance

RH is delivered to the airstream. Air temperature rise across the heater,

can then be calculated using the following energy balance on the air-

stream:

TH-TO
we L(To (0T, (3.4)

12
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250!i-s.nse or the Heaters to a sizqle (rn-oif voitae supp-i

if a constant electric voltAge, C ce-dA to the bheatpr-ies is

ziimply svitched on~ and off, --he thers-al enengy generated, c(8)), wifl

be a step function. Mie solution to Sq. (3.3), cccbined with Eq. p3.4),

is

Tr (0,8) -f J(01
i~~O.O = T(3.5.)

where ~ f~ ~C. ths s&Uie the a (9) is a s-tep fu-c-ion, the air

respnse is an erqponential. 7he catt,8. is called the tine

constant- of th:.e heaters and is plotted in Fig. 3.2 for lhe lazped case.

As 8R, D., a stepchange in t erature is ap=zabd

z-ig. 3.2 prements ancther tn-ontn :L-zare for the case iiere

the four banks of heater wL-xes are not cosidered to respc'4d as a .

!Me haesare comsidered as four dIstinc-t bans - -tIa Piacee

in the airstrean. =-adi b"-~ contributes aboct 25 pexcen-t to- the total

teratate rise of thM air.. Vie analysis in t-i's case becossr

ccmlicateiL Thze airstr-ean temperatuare T is a tim-e-varying funtioni

for this three dmanstre~ ank The fir-st bank of beater wire is still

subjected -to only a constaht, inccnimg airstream temerature. The air-

stream respvoae wies calculated and found to be near~ly exponential.

Eq. (3. 5) was fitted to the calculated response, varying G H ntil a good

Eit was obtained. PL-he values obtairned for the effective 6. (tie

craataw are plotted in -rig. 3.2 and are seen to be within 6 pexcent

of the lI~med case. For this xeaw= it is be~je-.w that the sinzr~s-

lumped treatment is adeqa-ate for design purposes.

3. 3 Resrne, of the Beat-ers tc- a C-ener al ~Inve-Vazying Voltae Spl

To ac&iwrwe an extremely short. rise t'n -in the beater tezerature,

the use of a time varying voltage =:,ly Is requi-4red. PRegulation of the

supply voltage in- tize is discussed in Sections 4 and 5 and Appendiccs

Uix and xv* The the=-A energy generated in the heater ires will also

be a tine-var-ying f2mction. The solut-ion to Eq. (3.3) is wt a siuple

~enwhmtial facio nd r~ursthe use of a ~smrclMethod.

U-



7-he nmarical metncd used was the Inx Electrcaic CIrcuit Analysis

P-rogra= (WAP.) . -is pr-ogra= was vzitten to be used by elect-ical

engineerz in the design and analysis of circuits. Detailed information

on the use of ECAP may be found in the User's m.nual (8].

Use rf E.AP requires only a description of the circuit, a list of

the elements in each b--anch of the network, a description of circuit

excitation or time-varyin-I elements, and a list of the output required.

The ti.e-varying voltage supply to the heaters can be converted

into a tine-dependent current source for use in Eq. (3.3) by using Fig.

3.2. Tis current source must be entered into the ECAP program in the

form of actual values of the source at specified tine steps. The output

of the CAP program was uhe heater wire tespezature TH(9). This, in

turn, provided the right hand side of Eq. (3.41 which was then used to

establish Tf(0 I), tie airstrea temperature donstream fro the

heater, as a fun-ton f time.

15.

V

_ '4



-- WNW- - W

4. STEP-UP DESIGN

Step-up in temperature occurs when voltage is applied to the heaters

and the airstream t6mperature rises. An 4ncrease of about 200 F is used

for the heater control design and in the experiments. If the heater

voltage applied is a constant, and is si nply switchnd-on, the response

cf the airstream will be exponential and is given by Eq. (3.5). Devia-

tion from a true step-change is governed by the magnitude of the heater-

wire time constant 8 . As 8H -* 0, a step-change in air temperature

is approached. The value of 8H has been partially minimized by the use

of small diameter wire in the heater r5]. Additional decreases in the

value of the heater system effective response time is provided by the

electronic control

If instead of applying a constant level voltage, corresponding to

a steady-state heating energy magnitude, a larger voltage is applied.

The airstream, of course, will respond faster by tending toward a higher

temperature. The process of applying more voltage, than is required for

iTM A 200 F, is rermed OVERSHOOTING. Fig. 4.1 shows the overshooting

effect on airstream tempez-tuae. The part of the step-up response curve

of interest, is the initial response characteristic. A smali mount of

overshooting, say 2X-Overshoot, will reduce by about 60 percent the time

required for the airstream to reach 63 percent of the steady-state value

of TO - 20F.

An ideal heater control would initially aptly a voltage that would

produce 2X-Overshoot or more. When steady-state is reached, this applied

voltage would revert to a steady-state level. The resulting temperature

-ave would more closely resemble a tL'.xe step-change in airstream tempera-

ture, with a SO percent response achieved in only 25 percent of the time

required by the normal response of Fig. 4.1.

The heater cotrol circuit, presented in Figs. 2.2 and 2.3, is

designed to produce an overshoot very much like that described above.

For the step-up case, SW2 , SW3 , SW4, and a5 are set zc position U. This

has the effect of creating initially a very small interbase voltage VBB,

16
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allowing the unijunction transistor Q to fire very early in each AC

wave. The .t effect is a voltage surge to the heaters. As capacitor

C2 charges, the intexbase voltage increases causing the voltage applied

to the heaters to taper off to steady-state level. The steady-state

level ir regulated by the set value of R2.

An analysis has been done to determine the values for C2 ad Ra 2

that: will produce the desired voltage surge. The circuit-anal.ysis

technique used and an example with w = 590 ibm/hr are described in

Appendix III. The result of the analysis at each flow rate is a tempera-

ture response curve for the heater wires. This curve is very nearly

exponential and can be fitted using Eq. (3.5), varying 8H. The calcu-

lated time constants of the heater wires are plotted versus air flow

rate in Fig. 4.2. At the low flow rates in Fig. 4.2, the time constants

are less than at the higher air flow rates. This is the result of more

overshooting ability (lower steady-state level) at the lower rates. A

comparison of Fig. 4.2 and the time constant curve of Fig. 3.2 indicates

the gains realized by the use of the heater control.

18
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Figure 4.2 Aided Step-Up Heater Time Constants from Design Calculations.
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5. STEP-DOWN DESIGN

Step-down in temperature occurs when the voltage applied to the

heaters is removed. The airstream temperature drops and the response

is given by Eq. (3.5). Deviation from a true step-change is governed

by the magnitude of the heater-wire time constant 0 H . As 6H -- 0,

a step-change in fluid temperature is approached. The magnitude of H

has been partially minimized by using small diameter wire in the heaters

[5]. Further decreases require the electronic heater control.

Examining the step-down response curve in Fig. 5.1, the following

is noted. The response of the airstream initially is rather quick (steep

slope) until about 75 percent of the deflection has occurred. If the

response were arrested at about this 75 percent point, as indicated in

Fig. 5.1, a response curve more clo3ely resembling a step-change would

result. This could be accomplished by removing the voltage to the

heaters, and shortly thereafter applying a lower level voltage (enough

to produce about 25 percent of stetly-state heating).

The h6ater control circuit, presented in Fig. 2.2 and 2.3, is

designed to remove the steady-state voltage and a short time later

reapply a lower voltage to the heaters. For the step-down case SW2,

SW3 SW4 , and SW5 are placed in the D position. This has two main

effects. The resistor in the resistance-capacitance network which

supplies the unijunction transistor emitter voltage is increased to a

maximum level. The result here is that initially the UJT fires very

late in the AC cycle producing almost no power in the heaters. The

interbase voltage then decreases, allowing the UJT to fire progressively

earlier in the AC wave until a level of 25 percent of steady-state is

reached. Appendix IV includes the circuit-analysis technique used t'

calculate the response of the heater wires, hence the airstream, for the

step-down case. As was also found in the step-up case the response is

nearly exponential. The effective time constants to fit Eq. (3.5) are

20



1.0 RESPONSE OF AIRSTREAM TO HEATERS

(STEP-DOWN)

Q6 NORMAL RESPONSE
O,6

DESIRED RESPONSE TO PRODUGE
Q4 -A STEP- LIKIE AIRSTREAM

U)T tIMPERATURE VARIATION

w 2

0 I 2 3 4 5

NUMBEIR OF TIME CONSTANTS, ( 0 /014)

Figure 5.1 The stepDwn Response of the Airstream.
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Plotted in Fig. 5.2 for air flow rates fru, , .e

l-. ' ' bm'r These

r%.ine 'onstants have about the same variation with air flow rate as theuna.ed case of Fig. 3.2 and a contrary trend as compared to the step-up case. The step-down case does not yield as high a reduction in theeffective % as does the step-up case.

22
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Figure 5.2 Aided Step-Down Heater Time Constants from Design Calculations.
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6. HEATER CONTROL PERFORMANCE

6.1 Introduction

Operation of the heater control circuitry was investigated experi-

.entally, as the response predicted by the design in Sections 4 and 5,

needed to be validated.

With no core in the test section, the airstream was stepped up and

down (both aided zd unaided). Temperature response of the airstream

was monitored using thermocouples and a fast strip-chart recorder. With

a core in the test section, changes in the heat transfer results due to

the decreased heater time constants were also investigated. Core heat

transfer testing was performed using both the aided and the unaided

step-changes in fluid temperature, and the differences in results were

evaluated.

6,2 Heater-Response Tests

6.2.1 Unaided - The first set of experiments performed to determine the

heater response had no core in the airstream. Since the thermocouples

themselves have a bead diameter which is larger than the heater-wire

diameter, they will contribute a significant lag to actual airstream

temperature measurement. This lag effect must be considered because

transient airstream temperature is being measured. A thermal circuit

for the behavior of the thermocouples is shown in Fig. 6.1:

T 1 0T

- CRTC T f(0,0S)

- Datum = Tf(0,0)

Figure 6.1 Thermal Circuit for a Thermocouple

Suspended in the Airstream
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Airstream temperature variation in time can be expressed as an

exponenti " function. Usin- th.' temperature e::pression from Eq. (3.5)

as the Tf potential source in the thermal circuit of Fig. 6.1, the fol-

lowing solution for the thermocouple temperature TTC ) is produced

(8H TC

TTC(S- Tf( 0
1

Tf (0, 0) - Tf(tO) .

O (6.1)

The three temperatures required in the above equation can all be obtained

experimentally from a plot of thermocoup'le output.

Empirical data from McAdams [9] was used to predict the heater wire

time constant 9, for the unaided case. These results are plotted as a

function of air flow rate only, in Fig. 3.2. The th ermocouple output

was recorded (step-up and step-down) for a series of air flow rates.

Eq. (6.1) was then used to obtain oTC ( RTcCTc) also as a function of

air flow rate. The results are plotted in Fig. 6.2. Exponernial Curve

fits for thr. thermocouple temperature TTC (8) experimental record, are

also presented in Fig. 6.2.

The time constant for a 0.005 inch diameter 50 percent copper/50

percent constantan sphere was calculated and is shown in Fig. 6.2 for

comparison purposes. The relation used to calculate the convective heat

transfer coefficient for the thermal resistance of the sphere was taken

from McAdams [9] and is

hD GD' 0.6
S=I

k 0.37 S (6.2)
kf

ITn the special case where 0H = G , the solution is

TTC~~it c'om

Tf (0,0) - Tf(0m) 0

f f C, c
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Figur~e 6.2 1 ezmxoop1e Tai e Constcants Extactced frcin the Responses
to Unai£ded Step-Changes in Airstream Temperature.
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where D is sphere diameter. The air film properties were taker, fron
s

Bureau of Standards Sources (10] and are evaluated at 900 F.

The heater-thermocouple response was investigated by Wheeler (5]

shortly after the construction of the basic test rig. Results reported

are about 30 percent lower than the results .-hown in Fig. 6.2. The

difference is likely caused by the methods of data analysis used. Since

the thermocouple output record is not a simple exponential function, see
Eq. (6,1), the results of a curve fit will depend on which part of the
experimental trace was used in data analysis. Results shown in Fig.

6.2 are averages of several points read over the middle 50 percent of
the efuerimental trace. The calculation in [5] for the expected heater
wire time constant (unaided) is about 20 percent lower than the results

shown in Figs. 3.2 and 6.2. Here the difference is due to different

selections of both gas and solid thermal properties.

To determine what effect the thermocouple time constants, just

determined, would have on maximum-slope heat transfer results, the ther-

mal circuit of the thermocouple in Fig. 6.1 is considered with the Tf

potential source input

Tf(l,) = Tf(i, 0) + [Tf(l,) - Tf (1, 0)] (6.3)f DTAU

where 0 E 8 DTAU

This "ramp" or linear input is used because it resembles the aikstream

behavior downstream of a test core, especially at the time when the

maximum-slope occurs. For the thermal eircuit in Fig. 6.1

A [ 0f(1,e) - TTC (8)c [T Cl o - , e ]+ -
d f= 0 16.4)

Solving this equation, taking the derivative dT Tc()/do, and

comparing with dTf(l, 0)/dO yields
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TT () -a -1 -u - - -ue

d Tf (1O)d__1 (6.5)

1-exp (-

The above ratio can be interpreted as the experimentally established

slope of the air downstream of the test core (including thermocouple lag)

divided by the actual slope of the downstream air (without thermocouple

lag). The maximum-slope occurs in the interval 0.3 DTAU <8 < 0.5 DTAU,

[14). Additionally from measurements presented in Fig. 6.2,

S< 0.2 sec. For core 510, DTAU > 5.0 sec., so the exponent in Eq.

(6.5) is about -10. Consequently it is concluded that thermocouple lag

has a negligible influence (much less than 0.1 percent) rn maximum-slope

heat transfer results. However, lag in tha heater wires does have a

small but significant effect on the heat transfer results as will be

shown in sections following.

6.2.2 Aided - After the thermocouple time constants had been established,

the heater system operating in the aided mode was analyzed. Based on

the results of the desiqn analysis in sections 4 and 5 and Appendices

III and IV, the heaters can in the aided case also be considered to

respond as a simple exponential function. This allows use of Eq. (6.1)

to determine the reduced heater system time constant.

Thermocouple time constant 9TC is a function of air flow rate only,

and does nct depend on the heater control. The values plotted in Fig.

6.2 for the unaided case may be used to extract tha heater time constant

in the aided case. Eq. (6.1) is again employed. This time the thermo-

couple trace for aided step-changes in airstren temperature, and 6TC

from Fig. 6.2, are used to calculate 8. Resulting heater time constants

for the aided case are plotted in Fig. 6.3 as a function of air flow

rate. The design prediction, obtained by averaging the results of Figs.

4.2 and 5.2, is also included in Fig. 6.3 for ccEparison.
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in Table 6.1. From the table's listing, the average change in heat

transfer results for the four cores, when using the aided step-change,

is 3.8 percent.

Kohlmayr [3, 11] has extended the naximum-slope method to include

arbitrary upstream fluid temperature changes. In particular he reports

tabulations of maximum slope MS with 3 _1 Ntu i_ 35 and 0.02 _ I _ 0.50,

for the case of an exponential upstream temperature function. changes

in maximum slope (6MS), predicted by [11], are plotted in Fig. 6.8 for

5 g N tug 35 and 0.02 ;F 1 9 0.10. The parameter I is defined in Table

6.1 and is termed a deviation from the true step-change. For the

values of I and Nto in Table 6.1, [11] predicts that the change in

maximum slope aLS will be less than 0.002, a change under 0.4 percent.

Using the sensitivity curves in [12], the heat transfer results will

then be changed by less than one percent. However the experimental

results in Table 6.1 indicate an average rhange of 3.8 percent by using

the aided heaters (which do not produce a true step-change, only a

faster response). The reasons for the disagreement between Kohlmajr's

analytical predictions, Fig. 6.8, and the experimental results reported

here, are not at all clear. Further work on this question is needed.
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Table 6.1

HEAT TRANSFER DATA CURVE FITS, FOR AIDED A.-L)
UNAIDED STEr-CHANGE COMPARISON

Core NR  Wf MS MS AZMS Ntu Ntu ONtu % I
Ibm/hr aided unaided aided unaided Ntu,aided

505A 100 107 1.138 1.104 0.034 15.71 14.73 6.3 .0087

200 214 0.847 0.834 0.013 8.04 7.77 3.4 .0128

300 320 0.713 0.708 0.005 5.43 5.35 1.5 .01E0

400 426 0.631 0.630 0.001 4.1. 4.10 0.2 .0188

505B lCG 107 0.919 0.896 0.023 9.86 9.33 5.4 .0131

200 215 0.686 0.678 0.008 4.89 4.74 3.1 .0192

300 322 0.578 0.576 0.002 3.24 3,19 1.5 .0243

505C 100 103 0.699 0.688 0.011 5.15 4.96 3.7 .0265

510 100 138 1.160 1.141 0.019 16.34 15.66 4.2 .0081

200 275 0.865 0.850 0.015 8.53 8.16 4.3 .0120

300 413 0.728 0.715 0.013 5.83 5.58 4.3 .0151

400 550 0.645 0.632 0.013 4.'! 4.25 4.5 .0175

I (wc , )f is for the unaided case

4 isA M -MS
= MSaided unaided

ANt AN-
to= Ntu, aided Ntu, unaided
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7. PERIODIC ISCHNIQUE

7.1 General

The regular periodic technique for determining the surface average

heat transfer coefficient involves imposing a cyclic variation in tempera-

ture on the single fluid flowing into the test core and measuring the

temperature response of the fluid flowing out of the core after steady-

state periodic behavior is established. The measured response will have

an amplitude attenuation and a phase shift. As discussed in [4] and in

more detail in Section 7.3, both the amplitude attenuation and the phase

shift of the fluid temperature response may be used to obtain accurate

heat transfer results; but for different Ntu ranges; thus the two methods

are complementary.

The periodic technique has been improved by the follwing refine-

ments included in this section:

1. A solution which includes the effects of finite wall longi-

tudinal conduction has been found and is demonstrated to be

: sable in data reduction.

2. A substantially more simple solution for the case of infinite

wall longitudinal conduction is also pre&=nted.

3. GuidelrUes are established for using the periodic technique for

0.2 < Htu < 50.

4. 'ie uncertainties in heat transfer resuilts associated with core

physical preperties are discussed.

5. Actual test results for a new test core (510) are presented

for 2.6 < Ntu < 36.6 and are compared with the aided single-

blow results.

36

.I I"F Ir IIIIIII ll ~ -lF



I

7.2 Solution of the Governing Equations, Including the

Effects of Wall Longitudinal Conduction

7.2.1 Finite Wall Longitudinal Conduction - The governing differential

equations for the case of finite wall longitudinal conduction are derived

in Appendix V and are

T-XW Nt 2*w (7.1)

* * aTf
Tf -T (7.2)

with the followLng definitions

T Tf - T T -TTfA m A Tw m

f T ' AT
0 0

kA
L2 If;A w

tu CZ NtuL"f

The wall longitudinal conduction parameter X, and Ntu in combination

as )Ntu determine the magnitude of the last term in Eq. (7.1). The

boundazy condition on the above equation is

•* 0 e0

Tf(o,e ) = sin 2 r. = sin- (7.3)
0

with rA 1e

The solutions to Eas. (7.1) and (7.21 are

Fluid Solution

f e- ,-; {sin ( Cs), (7.4)
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Wall Solution
, * *|

T x (X-#, Z) {(1-cl) sin(- C 2 £ C2 Cos(- e2z) (7.S)

The te=ms e1 and i 2 are functions of € and XNtu only and must

satisfy the following set of equations

2 2 12 _2)
X4 T- Nt( + 1 + 3e 12- 22 C (7.6)

(C3 _362 C e(7.7)2 )Nu 2 1 2 + 2)2

These constants e1 and £2 have been calculated and are tabulated in

Tables V-i and V-2. For data reduction the Fortran subroutine CONDCT

in Table VII-3 was used to generate the tables and may be used to

calculate e, and £2 for intermediate values of * and Xl .

To determine the surface average heat transfer coefficient, Eq.

(7.4) is used and the temperature response is measured downstream of

the test core where Z = Ntu. From Eq. (7.4) the amplitude attenuation

is

Df ! expt-cNtu) (7.8)

the phase shift is

Yf £ C2 Ntu (7.9;

In the special case of ) = 0

C 1 2 and -2

The az.itude attenuatio D, and the pnra--e shift y a are sh-An

graphically in Aneniix 'i, _Figs. v-2 through V-9, as functions of

Ntu, . and X. The- pase shift is plotted for 0 _ "tl, L9 10.

1 ] * & 4, 0 : ), G.02, and ) a =. T-e 3=pitude &ttnatio z i-

piott.3 for Og - 50, 3_ - 6, 0 s -0.02, and X=m. 75e
I'-u
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ranges chosen for Nu 4, and ) cover those which are likely to be
encountered in testing using the two methods.

The influence of X on experimental amplitude attenuation is shown

in Fig. 7.1 and the influence on experimental phase shift is shcwn in

Fig. 7.2. These plots indicate when the effects of longitudinal conduc-

tion become significant, compared to other experimental uncertainties.

They also can be used to estimate the magnitude of the correction that

needs to be applied to the experimental results to obtain the amplitude

atte nuation and phase shift that do not contain the effects of lona-.tu-

dinal conduction. It should be noted that these plots apply only when

the guidelines for testing, set in Section 7.3, are followed.

7.2.2 Infinite wall Longitudinal Conduction - As the wall longitudinal

conduction parameter ), becomes large .) -- co), the temperature of

the wall T becomes a function of time ) only. The fluid tempeiature

Tf z.aLns a function of both time and distance. To account for all of

the thermal energy entering and leaving the wall, the entire length of

the heat exchanger must be considered. Thermal gradie-nts 5r. the wall

do not exist and this is the only means of aplying the conservation of

energy to the wall; hence the resulting. integral Eq. (7.10) below. Eq.

(7.11) for the fluid is also presented in intergral form, for consistency

reaors. The governirg equations are derived in AppendAix V -.nd are

Ntu * --- T, dZ + T w + -. w ( 7.10)

I Ntu BTf 1

U f --
w

I0 (7.11)

nie solutions to the abovQ eq-ations afe

~-p~C3 ) in ~P-- (7.12)
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F
and i*

**w Nf1 R- 4 + -2 os

(7.13)
where Nt

€3 = it (7.14)

i + 1 +_ 2
2

4~ N.

u
1 +--

The phase shift for the fluid downstream of the test core (Z = Ntu) is

plotted as the A * line in Figs. V-2 through V-5; the amplitude

attenuation is plotted as the A = c line in Figs. V-6 through V-9.

Bell and Katz [2] in 1949 derived an exprossion for the amplitude

attenuation of th~e fluid response with infinite wall longitudinal conduc-

tion, for Ntu - 2. Considering the case where Ntu = 2 and =,

the calculated amplitude attenuation is 0.4158. Using Eq. (7.12) with

the same parameters, produces an amplitude attenuation of 0.453. The

disagreement between the above results is believed to be caused by dif-

fering idealizations used in the zespective analysis. The analysis in

[2] considers the effecto of fluid thermal capacitance, and uses a

mathematical approximation to calculate the results. The analysis

included here in Appendix V, considers fluid thermal capacitance to be

very small (as it is in situations involving a gas) but uses no mathe-

matical approximations. It is believed the mathematical approximation

used in [2] accounts for the difference in the results.

7.3 Guidelines for Using the Periodic Technique

Temperature measurement uncertainty is considered to be the largest

source of error in the periodic technique. Therefore the testing should
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be done in a ma!Lner that will minini&ze the sensitivityI of the teewniqde

to this uncertainty. A terjperature uncertainty analysis is included in

Appendix VI. Mhe analysis shows that the sen-sitivity of the periodic

technique, both the applitude attenuation and the phase shift methods,

are functions of I, and t. For a given Nt there exists an which

will produce the best test results (least uncertainty in the heat trans-

fer ra3suits for an uncetit in temperature measurement). *if an

appropriate value of # is selected and used in teating, the uncertainty

in heat transfer results can be held at about 3 percent, for a 1 percent

of the inlet amplitude uncertainty in temperafture measurement. Trhe

values of #, recrozended for testing, and the nethod tc be used to

reduce the data, are s~Icwn in Fig. 7.3. !his figure is a key one for

use in setting-up the experimental periods of oscillation. F-rom the

figure and the analysis of Appendix 71, the following recommenaations

are made:

.1 .< 1, use the amplitude attenuation method with < <0.2.

2. 1j Ii N u 7, use the phase shift method w;.th 0.8 < < 1.1.

3. N 7, use the amplitude attenuation method with tr> 2.9.

7.4 Sensitivity of the Heat Transfer -Results to Errors in Test

Core VP-ysical Properties

The periodic transient technique requires that the matrix physical

properties such as density pi., specific heat c w, and theri.al conduc-

tivity k Wbe Xiiown. in the periodic technique * is calculated from

exr~arimentally obtained amplitude attenuation D f and phase shift yf.

From an uncertainty analysis, included in Appjindix VI, Ntand NR
wer fond o b inividually sensitive to errors in 1. utbcas

of compensating effects, the j..-NR characteristic is not affected by

the errors in solid density (true only for j a 1/N )
R

the wall density, influences the Reynolds No.indirectly through its

use in establishing porosity (flaw area) gravimetrically. see Eq.

MV-9).
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An error in core %pecific heat aes affect the heat trarafer results,ut not t.he Reynolds nw--ber. The analysis in Appendi show th -e

iagnitude of sensitivity of the heat transfer results to errors in ccre

sp_,cific heat is dependent or the test parameter #. The sensitivity is

plotted in Fig. V_-l. tne figure shows that if the periodic technique

is used as rect,-ended in Seclion 7.3, the sansitivit; for the a=niitude

at-enuation =thod is

d Ntuf t
2c/ (7 !6)

and for the Phase shift method is

07 (7.17)

The periodic technique then is very sensitive to inaccuracy in the solid

specific heat.

71, periodic technique is about as sansitive to wall longitudinal
conduction effects as the mxim slope single-blow technique. Wall

longitudinal conduction effects must be considezed for ) Ntu > 0.0L
cenerally the effect on heat transfer results is less than 10 percent.
Therefore an uncertainty in solid conductivity k of 10 percent, would
produce only about a one pe-ezrcent uncertainty in heat transfer results.

7.5 Experimental Apparatus

The periodic technique uses much of the same equipment as the single-
blow transient technique. The wind tunnel test rig, originally described
by wheeler [5], has been modified as described mainly in Section 2 and

Appendix I. For the periodic tecbnique the UIZTION SwriaC is set o P

(this corresponds to the P position of SW2, SW3, 4 nd SW_ in Fig.
2.3). A cyclically varying resistor (macbanical drive) is connected

to the heater control using the external PERIODIC INPIY plug. This
resistor consists of two resistors in series: a variable resistor used

to adjust the zero-level (minimum value) of the total resistance and a
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trial -e-isa~eVni'. istras-or~~d ythe beater coutrol into a

perc-dc vriaionof be n~u ofelectrical pon-er, to the airstream

Iae vresulin aw sa ectr are se to aver a u 3:e range
of peraturofeaitior 9,rs r =rsr ths ause of 2 ou i .anls ofd

the terveratunr a wavefo= to eatract the fixnda=Lnta1 To illustrate c
closely' the ir-:n-te~eaux vavefoz= resembles a si-qle sinusoidal

wave, th-- test r,= foar Core 510, peni V-11, with ! 226 is

considered here. Thie a~plitwde sp_-ectriz= (.e. 'A 2 + B)normalized

t.o the first a-o is U.cdIn 7-L .1:

Table 7.1
mlmimwl-r sss~csHW oF Bx flip7

"SAMA- iAVE, !~0IE
To e IPEE H& IrCc, v 312 lbs/hr

Earmonic Fagnitude

1 1.000

i ~0.093

3 0.066

4 0.028

Clearly there is a fair approxnation of a simple one-harsoriic Siniiscidal

tesperature wave inpur.

:k single channel;, Honeywell Blectronic 19, Lab Recorder, is used to

obtain both thea upstream and dowens-ream t2=perature reCords.' TO do thisr

the recorder is connected to the upstream therrrocouples for at least one

peri.od 8 1 and then qruicly switched to the downstream thermocouples for

at least one period. Using the switching point as the starting point
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for the dowmtea record aid llbawc kr-cig on mejj for - ev=em

Staxtir4 po=t, t"e t'o close--s 1aestnpaie vavms. relaixed

in the data edcinprcbgran of Aoen iv Vii are cta.zed.

=he -heracouple systems th.. e pstzea=ay atc-

sisted of fZ= series ther:===uIez using a r-c eatr rrc

bath as the cold Atntin ro= tenperal=ud cold Ju -tc-m- vas used

so that the 0-2 rIllivolt scale ca- the ze rcculd be =sed w'ith. a

maxi~. cef-lection with - o offset reuie. M teatUre ~i

t.dIe was heid at about 100? :for- the fluid ertia.-:L t test core.

9:c nerlod. of oscIllatio A_ 0 was measnured vith a stopwatcLz and a

cac&-t of thie zmadianica1. drive cycles on the vapriable eio

7.6 iResiiults of Testinmg Ccrv 510

. .6.1 necit~o h Ts ufc ie surface tested was Core

N.o. 510 (Corinq Desimtica :L-2T)2). it !.s a g1ass-ceramic srfc

w-t*-sraiht triangalar passaua. The core -servmes a duaz. purpose-.
2 - i'.-s1ai

First. it is a new zurfwt of 'the !000 ce1Is/In class and pnrovd ai

heat transf er and flow f tAction inf oxvRVv Second it was tested utsizg

the periodic tedmniipe and the single-blow techniue Imxi- slope

=aethod) and provides a direct coqarisma of th.3-e two tecdioes. Th1e

surface geometry and core weight are described in Table 7.2-.

TLable- 7.2

COROE 510 ZSZBUAMC GE0 sM~ WBDIC-LG!

Cell count, N 910 cells/inl

Pr sity, p 0.716 - t
Hydraulic Diameter, 4rh 1.693 'l0 ft

Area density, a 1691 lft /ft3

Cell Iheight/width, d 0.622

L/4r. 134.5

Core Mass, M 0.657 1-
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7.6.2 Yest Ir!esuts - V heat transfer an El' fictica test resul - s

are -lotted in Fi. 7.4 a are listed In a v=--5. 2he figzre

d nstres the very good agreement beween the aided single-blow

tecnifqe (vaxi-. slope) and the pcrioc-- tec h -ue. Me priodic

t ainIe was =s-d for 2.6 < W <36.6. frTe 5, in was =tto - M
p*3s~ble for the =a-4-I slpe method '..cause MIt is i~d - tu S

0fe effects of Wa ,l 1 tin - a-il cndecion = the eraidic technxza

heat transfer resalts am sboun Oaly for the high (low- .." test

pozfrts. ibe rest of t re test poi-ts were via-=lly n= bected t e

Wall l L l .1Aic action- Vie ftg cion, factor re lts, are Mot

nn the type of transise test to used since ttstir

for I iw o -i only s- A $saxy of tr basic flow fric-

tio and heat tronsfer data for Core 510, ak 1-,r the oathed curves

of Fig. 7.4, is listed in --abl 7.3.

Heat transfer zesuits, j., are abcat 25 percent logier than tearet-

ely preicted results for equilateralriea tubes, with a constat

heat flux boiridary C-cnditin-. Thiis diareetis belIievt-d to be caused

prottey by a coietmof passain Nu-zte in the oatri , a-

trian_,ular shape of the passages #tw-tirds of the corners are well

rcanded), and the hea= transfer b'~nezarj c.,dintion, used in the theory

not- being well duplicated in testing. Rriction factor results, f r

abom- U3 percent low'er tha, te theory for equlilateral te AngUl= passages-

in this case the disagreerent is believe?- to be caused bY pasSag5e Moa-

U~ifo=raitv and n=n--riartular shapke; frict~on facto= is not affected bY

the heat transfer boirndarv c=ndition. A =ore, detail d analysis of the

above effects will be presented in a future repart.

Fig. 7.5 demonstrates hoy well the guidelines from Section ?_3 were

followed in the Core 510 tests. The experimental values of * are

plotted for the corresponding values ef N.The figure shows that the

aeiental values of the nondimensfanal period were z3.l within the

tolerance limits of Fig. 7.3.
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8. COMPAL-NG THE PERIODIC TECHNIQUE
WITH THE MAXIMLY-SLOPE METHOD

8.1 Periodic Technique

The periodic technique has several advantages:

1. it has a wide useful test rang3, 0.5 : N tu 50 (may be useful

for even higher values of Ntu).

2. It is conceptually rather simple. This is shown in the analysis

to obtain the finite wall longitudinal conduction effects.

3. It is basically an integral technique ,and does not require

extracting derivatives from experimental measurements.

4. Analytical response curves are not required since the heat

transfer results are compated in the data reduction.

5. Computing time is short; each run requires about 1 second on an

IBM 360/67.

6. Periodic temperature waves are easier to generate experimentally

than step functions. The considerable design effort included in

S0ctions 3, 4, 5, and 6 could be eliminated by using the periodic

technique.

Disadvantages of the-periodic technique are:

1. It requires two temperature records.

2. A digital computer is required, especially for the Fourier

analysis and the iterative steps used in accounting for wall

longitudinal conduction.

3. About 30 to 50 data points must be read from each temperature

record and this information prepared for the computer, requiring

about 30 minutes per run.

4. A suitable period of oscillation, Eo * must be determined approxi-

matelyprior to testing.
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8.2 Single.-Blow Technique, Maximum-Slope Method

Advantages of the maximum-slope method include:

1. It is easy and fast to use. The experimental temperature

records may be evaluated and prepared for the computer in about

15 minutes per run.

2. Computing time is short, about 0.1 seconds per run on an IBM

360/67. Moreover, the computations can be "hand checked" quite

readily.

3. It has good accuracy for 5 < Ntu < 50.

Disadvant -ges of the maximum-slope method are:

1. It requires an experimental step-change in airstream temperature

which is difficult to achieve. If a reasonably good step-change

is not used in testing, an additional correction must be applied

to the experimental results to account for this.

2. ensitivity to experimental uncertainties becomes very large

in the 0.5 E Nt9 5 range, limiting use of the methcd to

N > 5.
tu

3. Conceptually, the method is complicated. Analytical response

curves are required in the data reduction.

4. Experimental derivatives are required.

8.3 Similarities

The periodic technique and the maximum slope method are very similar

in the following ways:

1. only one fluid is used.

2. Matrin: surfaces can be tested.

3. No wall 4-emperature measurement is needed.

4. uigh effectiveness cores can be tested.
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5. Wall longitudinal conduction effects on test results are about

equal.

6. sensitivities to uncertainty in core specific heat are about

equal forl10< N < 50.tu
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9. CONCLUSIONS AND RECOM-ENDATIONS

9.1 Conclusions

1. The heater control, designed and constructed as a part of this

project, functions satisfactorily. The time constant of the

heater system is reduced by from 60 percent at 100 ibm/hr to

40 percent at 1000 ibm/hr. Some of the other desirable features

of the heater control are: solid-state device with no mainte-

nance required, small size and economical, control by a small

resistor, flexibility in application to systems requiring more

power by just changing the silicon control rectifiers, and

cyclic temperature control possibility.

2. using the fast response heater system (aided) caused the heat

transfer results to be higher by an average of 3.8 percent, for

the four glass-ceramic cores tested.

3. Guidelines for using the periodic technique were extended so it

ncw can be used in the range 0.2 < Ntu < 50. Use at Ntu > 50

was not considered, but should present no special problems.

4. The periodic technique uas generalized to account and correct

for the effects of wall longitudinal conduction. The magnitude

of the corrections was fownd to be about as large as for the

maximum-slope method.

5. The periodic technique was used for 2.6 < N t < 36.6. Very

good agreement was demonstrated with the maximum-slope results

obtained using the fast response heater system.

6. As demonstrated by the above agreement, both the periodic and

the maximum-slope techniques give good results when properly

applied.

55

----



9.2 Recommendati*ns

1. A fast response heater system is required in the maximum slope

method. A heater control circuit, such as presented in this

report, is recommended as a means to achieve the fast response.

2. The periodic technique is recommended ar 'le overall best

transient technique to use. A wide N tu-test range as well as

an easily generated temperature wave are two major advantages.

3. To resolve the differences between the change in heat transfer

results obtained experimentally in this project due to a

sharper input step-change, and the analytical predictions of

[3,11], the following are recommended:

a. Perform maximun-slope tests, intentionally usin.i an

extremely slow-response heater system. This would allw

easy and accurate measurements of the input temperature

function and would produce large efferts on the heat

transfer results.

b. Use a geometrically uniform test core to eliminate

possible effects oz passage nonuniformity on results.

4. The effect of a non-simple-sinusoidal input wave cn heat trans-

fer results using the periodic technique should be determined.

One way to experimentally obtain a more regular sinusoidal wave

is by placing a low-Ntu matrix in the airstream between the

heaters and the test core. The matrix would serve to damp out

higher harmonics.

5. The sensitivity of the periodic technique to nonuniform flow

distribution L.o the test matrix should be analyzed.
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APPENDIX I

GENERAL TEST RIG INFCRMIATION

Speeificatiorns of the Test Rig (see also Fig. 2.1)

Table I-1

STANFORD TRANSIENT TEST RIG SPECIFICATIONS

Inlet: Bellmouth with a pack of screens and an egg-crate flow

st-.raightener. A fan is used to mix the air before

entering the inlet.

Heaters: Four banks of 0.003 in. dia-.i alumel wire with

a. Maximum heat generation rate - 2.37 Btu/sec

(= 2500 watts)

b. Electrical resistance - 5 ohms

c. Thermal capacitance - 1.8 x 10 - Btu/-F

Heater Control: Solid-state device with

a. Single-blow capability - 100 < w < 1000 lhx/hr,

aided V , 150 F

b. Periodic capability - 50 < w < 1000 Ibm/nr,

amplitude P4 10F

1. Large Motor - 7.5 P Period < 150 sec

2. Small 14ot-r - 1.5 < Period < 10 sec

Test Section: Plexiglass drawer capable of accepting a test

core of 3.25 in. x 3.25 in. x up to 4.0 in. long.

Temperature Sensors: Copper-constantan thermocouples

a. Inlet - 1 junction, 28 gage, ice reference.

b. Orifice - 1 junction, 28 gage, ice reference.

c. Upstream - 4 junctions, 0.002 in. dia. wire, ice

or mercury bath references.

d. Downstr-eam - 4 junctions, 0.002 in. dia. wire; ice

or mercury bath or incoming inlet air references.
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-Pressure Sensors: Vertical an'4 inclined manometers reading

inches of water. Taps are located upstream and down-
1

stream of the test core and at l-D and - D from the
2orifice plate.

Flow Meter: Sharp-edged ASME orifice, two plates, No. 1 - 1.301

in. dia., No. 2 - 2.201 in. dia., pipe diameter - 3.06 in.

Blower: 1000 Ibm/hr at 70 in. of water static pressure rise.

Pitot Tube: Standard pitot-static tube, 0.1 in. OD. A recession

in the test rig wall is provided for stowage during heat

transfer tests.

Circuit Layout of the Heater Control

The heater control consists of three main sections, assembled in

sequence and enclosed in an aluminum box. Tne sections are: front panel

Fig. 1-i, firing-circuit board Fig. 1-2, and power board Fig. 1-3.

Schematic diagrams for the banks of capacitors C2 and C3 are shown in

Fig. 1-4.

operating Instructions for the Heater Control

FAST RESPONSE SINGLE-BLCO

1. Set air flow rate.

2. Adjust C2 and C3 according to Table 1-2.

3. Set R2 and to.

4. Turn SW1 to ON.

5. Set FUNCTION SWITCH to U.

6. Adjust R. for about 20OF termpature rise using airstream

thermocouples.

7. Set FUNCTION SWITCH to D.

8. Adjust % for about 51F temperature rise using the therz-c;ples.

9. Switching FUNCTION SWITCH alternately from D to U to D etc.

will produce th e required fast response Stop-tUp and Step-Do wn

in airstream temperature entering the test core.
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NORMAL SI1 GLE-BILM

1. Set FUNCTION SWITCH to N.

2. Switching SW1 from ON to OFF to ON etc. will produce a regular

response step-change in airstream temperature. Only R2 is used

to control the upper temperature level.

PERIODIC

1. Set FUNCTION SWITCH to P.

2. Turn SW1 to OFF.

3. Plug in the variable resistor with zero-level resistor at zero.

4. Rotate cam to minimum resistance position.

5. Turn SW to ON.

6. Adjust zero-level resistor for about 20OF rise in airstream

temperature.

7. Ptate cam and note temperature amplitude fluctuation.

8. if necessary adjust the amplitude using the cam mounted resistor

and repeat steps 4 through 7 until the desired temperature wave

is obtained.

9. The period of oscillation is adjusted using the motor speed

control.

Table 1-2

CAPACITOR SETTINGS

w C2  C2 3
(ibm/hr) Position Position

100 1.0 1.5

130 1.5 2.0

160 2.0 2.5

200 2.5 3.0

250 3.0 3.5

320 3.5 4.0

40 0 4.0 4.5

500 4.5 5.0

630 5.0 5.0

800 5.5 5.5

1000 6.0 6.0
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Figure 1-12akie h Heater Contro-l Firr ci ord Panoei
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POWER BOARD (BACKSIDE)

Sc OUTPUT TO HE.ATERS

RECTIFIER
COOLERS

Figure 1-3 Heater Control Power Board (showing input
and output connection terminals and SCR coolers)
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,fT - - T = I ITO4 0

Figure 1-4 Schematic Diagrams of Banks of Capacitors
Cand C.
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APPENDIX II

HEATER. THEAMAL CIRCUIT PARANETERS AIM CAP INP

Thermal Resistance

The air film convective thermal resistance of the heater wires is

defined as

H 4 (hA)H

-The total surface area of the wires, of length 4 heaters x 56 passes x
3.25 inch/pass and dia. 0.003 inches, is

=L D.003 x 4 x56 x 3.25 = 2- 144 0.0476 ft

The surface, average convection heat transfer coefficient of the wire
hH can be determined using data presented by McAdams [9]. in the

reference, NNU, is plotted versus N for air flowing normal to single
cylinders. For example, consider the air flow rate of 590 lhu/hr. The

Reynolds number is calculated:

A H .003 x 590 x 12N=2 - 38.5NR 3.25 x 3600 x 145 x 107

From the N versus N R graph

b D
N A H

Nu

Air viscosity and thermal conductivity used in the NR and 4 calculations
are taken from [i], using a flm temperature of 2C0DF. Then

3.1 x 0.0182 x 12 Btu
h 0.003 =226 hrf2_ F
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R t

Figure ii-i ECAT_ RepresentAtjon of the Thermal Circuit

Table ii-i

ECAP PROGRAM IINPuT MPLE

TRANSIENT ANALYSIS
SW-590 LWMHR C7=10.1 Mot)

92 N( I O I R*336.

TIF!E STEPO0.Oo1
OUTPUT iNTERVAL-10
FINAL TIM!E=O.25
PRItNT*N V.CA
EXECUTE
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APPENI~DX III

STEP-UP CI~rCUIT ANALYSIS

Technique Used

The key elements in the heater control circuit of Fig. 2.3 can be
approximated by Pig. 111-1:

RI

RC

Q 2

Figure 111-1 Approximation of the Heater
Control Circuit, Step-op Case

To analyze the circuit in Fig. 2.3 a means is needed to obtain the inter-
base voltage V or the UJT as a function of time. The circuit in Fig.BB
111-1 makes this possible by simplifyg the calculations. The 22-volt
DC voltage source is equivalent to the voltage developed across zener
diode CR.- Interbase resistance (1~ 0) is denoted by RQ Mhe value
used for R in the design calculations was 5910 ohms.

The circuit -eutoswitnon a nodal basis are
rode atV

22-VIB 0-VB '2V 
R RQ
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tNoce at V2

VB 2 d(O-v 2 )
-+ C0

R 2 d (111-2)4
Solvng Eqs. (III-1) and (111-2) for V yields

VBB

VEB = 20.6 - 8.7 exp(-1)0) (111-3)

where 1 1

R R -

The quantity a is a correction applied to the value of C2 to account

for the chopped voltage applied to the firing circuit, see Fig. 2.4. A

chopped voltage exists across the firing circuit (R or CR5 ) because the

voltage collapses during conduction by the SCR's. Fig. 111-2 shows how

the effective heater control output voltage varies with the pase angle

(trigger-ng time). The values in the figure are from a simple heating-

effect analysis of a sinusoidal voltage wave, %ith a peak absolute value

of 170 volts. Figure 11I-2 also defines the triggering time e used

in the following definition:

A s, Initial Condition + s, steady-state
2 x 0.00833

a can be regarded as an average portion of real time during which
capacitor C2 is being charged by the blocking effect of the SCR's.

Interbase voltage VBB may now be calculated as a function of real

time using Eqs. (111-3), (111-4), and (III-5). Trials are made and the

results examined to determine C2 . C2 is a function of air flow rate,

hence the variable notation in Fig. III-l1.

Having obtained VB (8), the firing voltage VP may be calculated.BB P

The relation used is given by the - anfacturer [7] for UJT 2N2646 as

typically

66



510

0

470

30

20

to
ID9I 0?ke 003 041 J" .006 .007 01

Figure 3:11-2 Effective Heater control output Voltage
Variation with Triggering Time
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Figulre 111-3 Heater Control Output Voltage
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VP(0) 0.65 VSB(0) + 0.5 (11I-6)

Fig. III-3 provides the output voltage of the heater control as a

function of the firing voltage VP and the steady-state resistor value

R. It is a key one in the circuit analysis. Knowing the steady-state

heater power required, the value for R2 may be found by first using Fig.

3.3 to get the steady-state voltage output required of the heater control.

Next, Fig. I1I-3 is used to deter-ine the value of R2 cm the steady-state

line corresponding to that heater control voltage.

Sample Calculation

An intermediate air flow rate of w = 590 lwm/hr is chosen for

this example with C2 = 10.1 pF. The heater power for steady-state
operation is

o p e r a t i o n i s = 5 9 0 x 3 0 . 2 4 x 2 0 = 0 B t u

% ,- cPA O3600 077sec

The steady-state voltage outpt of the heater control is then found using

Fig. 3.3:

vH, Steady-State 
= 64 volts MS

and the value of R from Fig. 111-3:

= 26,000 ohms

Fig. 171-3 can also be used to find the initial voltage appiiid to the

heaters. From the figure

VH, Initial = 112 volts MS

with a corresponding power generation rate of 2.37 Btu/sec.

rig. 111-2 is used to find the initial-condition and steady-state

triggering times, D, used in the calculation of a. Using Eq. (III-5)

0.C0235 + 0.00512L =  2 x 0.00833 =0.45

68



and from Eq. (111-4) the value of f is calculated

1 1
39--0 591- -1

= "~ 3 51051.4 sec

10.1xi0 x 14 + 5 +

0.45 L390 5910 300]

using tis value for T in Eq. (111-3), the calculating equation for

VB (0) is
VBE

V (e) = 20.6 - 8.7 exp(-51.4 e)
BB

A time step of 0.005 sec. was selected foL the calculations of input

voltage to the heaters. At the first time step e = 0.005 sec

VBB(0.005) = 20.6 - 8.7 exp(-51.4 x 0.005) = 13.9 volts

and

Vp = 0.65 x 13.9 + 0.5 = 9.6 volts

From Fig. 111-3, with R 26,000 ohms and Vp = 9.6 volts, the heater

2P
voltage may be obtained:

V (0.005) = 105 volts RMS

Fig. 3.3 is next use'! to find the heater power generated:

(0.005) 2.10 Btusec

The value for time B is now increased to 0.01 sec. and the series of

calculations beginning with VB(0) is repeated. The results are plotted
VBB

:.n Fig. iIn-4 for four values of C, covering the design range of

into-rest.

Each curve in Fig. 111-4 may be used as input for the ECAP program,

discussed briefly in Section 3.3 and Appendix II. Response curves,

calculaeshown in Fig. 11-5 for the four values of
calculaedu ungEzC P±, are soni i.''~

The influence of C2 on the results is very ?pparent and C2 = 10.1 P

was selected for use in che circuit.
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Figure 111-4 Inpurt to the Heater Wires, w 590 ham/hr.

Pw 000

Figure 111-5 Response of t-he Heater Wires Calculated using ECAP.
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The same type of analysis was done at air flow rates of 100 lhm/hr

and 1000 lbm/hr. The respective values for C2 were selectea on the

basis of resulting closest approach to a step-change in airstraam

temperature. Values of C2 to be used at intermediate air flo- rates

were determinsed by interpolation.
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APPENDIX IV

STEP-DOWN CIRCUIT ANALYSIS

The key elements in- the heater control circuit of Fi. 2.3 can be

approximated by Fig. mv-1:

!, I
V21

Of- 22 volts DC

'IBB

PQ

Figure IV-l A1proximato of the Heater Control
circuit, Step-Down Case

As in the step-up case, to analyze tie circuit in -ig. 2.3 a manz is

needed to obtain the Lnterbase voltage V, on the W-V as a fuction of

time. The circuit in rig. IV-i simzlifies the calculations. The 22-

volt DC voltage is equivalent to the voltage develcmed across zener

diode C%. rnterbase revistance (with 0) f bt y RQ- The

value used for % in the de calculations was 5910 ohs. Va.r.able

res-istor RSis used -to adjust the steady-state voltage WTU su 50F) output_

to the hzaters in the step-down de of operatio
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NodeThe circuit equations written on a nodal basis are

°-vB R 2% 3 d8 iv1
Node at V

S22-V 2  V v- dvmV 2 ) _

_ B 2 +BB 3 {_-2)

C 0 (IV-2)

Solving Eqs. (IV-I) and (IV-2) for VB yields:

SV B(e) [ 20.6- exp( 2) 22 (IV-3)

R R5 3 d

" " 1k + Q+l/+ +

o is defined and discussed in Appendix III. However, for the step-down

case the initial condition corresponds to a 0 and the steady-state

condition to t 5F. Therefore, Eq. (I11-5) becci -

= 05 , steady-state (IV4)
2x 0.00833

: As steady-state is approached, the exponentia1 ter i in Ea. (IV-3) _

vanishes, allowing calcultin of Ro. _Tne steady-state heat generation

~rate is
+ + C0 (IV-S)

F'ig. 3. 3 is used to convert thi into hea ter voltage. Fig. 1I1-3 is

R,3 dG

teng etered a d t c V2 for v y4, ldst

P 1 ~ +3 !1ad-s+t

-Q + j R



V -0.5
"BB 0.65

From Eq. (IV-3)

Ssteay-state R- -

All the parameters in Zq. (IV-3) having been evaluated, the interbase

voltage VBB can now be calcuiated as a function of time. A process very

similar to the step-up case in Appendix III is used to calculate heater-

wire temperature. The curve for R. = 40,000 ohms in Fig. 111-3 is used
L

for all air flow rates in the step-down mode; the variable resistor

has been replaced by a fixed resistor R6.
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M-n this appendBx, a segment =f a-- Id-alizd heat e re,~z

V-1, is analyzed Lo arr-ve- at the ifetai -

which govezm the bumik fluid -iratmtrm =-4-~ ai t era,. nre i=Vn

heat exchanger. T.Ii- cmo~exration of enr c=sr~tc of ns the

ccnductive and convective rate evulti~s. aym '-e qq=a=tim o- state ar-e

u~sed in the analIysis. 1h-'ee cases are c~si&=red- t!- imaU 72 mi~

condtion is zero fas treated in [4]), t!-e, 7L-all 3=i ia Cfn-tint

is fin~ite, and the vafl oidnl uctic= --; tmie.~

cases the radial thex=al can ctivity is consideredw- as fnU-Einte..

IaI X 4-A

-7 
v

Adiabatic rfQ~e

-iq=re V-7- seg=-t of a-- i:EaIm e a Eeat x- e

The folbcwiing idealizations a-re -- e

1L. Vhe te~pezatures of the iiall, ame T, =f i 2--!

tions t& tz- -B andA distance x my



2. The system is overall adiabatic.

3. Wall and fluid properties are constant.

4. The fluids are considered to be low velocity gases at constant

pressure, and the enthalpy and internal thermal energy can be

treated as functions of temperature using the specific heat

property.

5. There is no longitudinal heat conduction in the fluid.

6, Fluid thermal capacitance is neglected relative to the wall

capacitance C . This was considered in [4] and shown to be

negligible in situ.ations involving a gas.

7. The fluid has steady-flow.

Derivation of Equations

The conservation of energy applied to the solid wall segment of

unit depth normal to FiT. V-1 can be stated by the following equation.

At any instant of time @

" (- w Y + Aq + 66w = 0 (v-i)

The conduction and convection rate equations for qW and Aq respectively

are:

'IV. = -k wt-a (V-2)

x+L x

6q f h (TfT w ) dX (V-3)
x

The eneigy storage term for the wall is

x+L x

LUW (Pct) -- ! ax (v- 4)
w fw ~x

Eqs. (V-1) through (V-4) can be combined and after applying the theorem

of the mean and passing to the limit (6x - 0), the following equation is

obtained:
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-k tw'-j h h(Tf-Tw + (Pct) - 0 (V-5)

The conservation of energy applied to the fluid system in Fig. V-i

can be stated by the following equation. At any instant of time e

(Wi) - (wi) + Aq = 0 (V-6)

Eqs. (V-3) and (V-6) can be combined and after applying the theorem of

the mean and passing to a limit (6x-. 0), the following equation is

obtained:

~(wi) + h (TfeT 0 (V-7)

For a perfect gas

BTf
c - (V-8)

x p Bx

Since w is a constant, Eqs. (V-7) and (V-8) are combined and become

BTf
wc - + h (Te T  0 (V-9)p BX (~w)

The parameters Cf, C and R are now introduced and are defined by

Cw c

f = WCp =A

'w (pAc) wL

Eqs. (V-5) and (V-9) become

aTw T - T w -T

w Xwax/ R w be

bf Tf - Tw

f + RL
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The above Eqs. (V-1O) and (V-11) apply even for variable A * Cw and

C f. These will be considered constant and tha following definitions

are introduced:

~X * ---9-
XL w

k A
R W-W (V-12)= Ntu : f

* T-" *A T-TT f LT" T = w m

0 0

Z NtU x

where T is the mean temperature about which the system oscillates
m , ,

an4 6j° is the amplitude of Tf at the inlet. Tf and T are the Pon-
0 w

dimensional temperatures and e is the nondimensional time. The non-

dimensional space coordinate is Z. Then Eqs. (V-10) and (V-Il) become:

Tf -Tw -*-X Ntu 2 (V-13)

. * bTf
Tf -T w a (V-14)

Solution For Wall Longitudinal Conduction Zero (R = 0) k A

When the wall longitudinal conduction parameter ! -LW

approaches zero, the last term in Eq. (V-13) becomes negligible and the

equations of interest are
. * w

S-w -

, * TfTf -T -- - (V-14)
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The boundary condition is
* *

Tf(0, ) = sin2n o sin - (V-16)
f e

with the definition

2r. Ow(V-17)

Trhe parameter $ is a nondimensional period of oscillation and RE isw
the heat exchanger wall time ccn.-tant. The solutions of interest are

the particular solutions which result after all the initial condition

effects have damped out. The solutions as given in [4) are

-ex)siZII-i-(O (V-18)

+"_ _+ *

where = tan 1 _I (V-20)

For the fluid:

Amplitude Attenuation = Df exp Z (V-21)

and

Phase Shift = f =  (V-22)1+

The amplitude "cternuation and the phase shift of the fluid at x = i

or Z = Ntu are plotted in Figs. V-2 through V-9.

For the wall:

Amplitude Attenuation D exp( - A~ D,
W 2)

(V-23)
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and

zse Shif t~ Y- Y11_- v-

,fle rec==e,-d values for wto use inn actual tests using fluid

temperature meawareet, are derived in Aripendix V-- and ar presenteid in

ic.. -723 for 0.2 <.h < SO.

Solution zor Z&U. Longite-dinal Ccrjductim~ Finite

in-this case the last teimm of Baq. (V-13) is wto neglected, and the

equations of interest axe Bgs. (-.-13) and (V-14-1

TBT -~~-l 13)Tf T -, I

Th ommnaxy condition is s~-'hw'ecL 'Abe solzutions are

T ep Iexp si

TI *z si' V- 2 v6)

wthere anid are fimctions of*ad) £-olW at

sats sf, th-Sl~ro set of equativrs

2 3 2 2 2-

C a- 1 - )!3 3 - - (-7
'C' C .5 + 12 I2C 2v28

2 2 2'2 1 2 ) f-8

'he constants ei and C 2h&s7e Ibeem valculated and are tabulated i

Tables -%z- and v-2. 7ihe fortran s::bmout7Ine C"-C-.T presented in Appenix~

-m,. was used to generate #hese tables. The subrciutir-,e caCr- ues the

I 0*.



-.aole V-1

CUNSTANT cl IN THE SOLUTION FOR THE PERIODIC TEC011Q0E
WITh FItITF WALL LUNGITtI,0liAL £u,'4DtjCTIUN

XNtu
0 0.001 0.005 0.010 0.050 0.100 0.500 1.O001

0,2 0.9b15 0.9616 0.9617 0.9618 0.9629 0.9642 0.9767 0.99741iC.4 0.8621 0.86ZL 0.8621 0.621 0.8623 0.8625 0.8589 0.79891
0.6 0.7353 0.7352 0.7347 0.7342 0.7296 0.7232 0.6506 0.5498
0.8 0.6098 0.6095 0.6087 0.6076 0.5988 0.5875 0.5000 0.4242
1.0 C.5000 0.4998 0.4988 0.4975 0.4877 0.4758 0.4008 0.3457
1.2 0.4096 0.,096 0.4087 0.4076 0.3989 0.3889 0.3313 0.2q12
1.41 0.3378 0.3377 0.3370 0.J361 0.3294 0.3218 0.2799 0.2506
1.6 0.2809 0.2808 0.2803 0.2797 0.2750 0.2697 0.2404 0.2191-
1.8 0.2358 0.2358 0.2353 0.*2351 0.2321 0.2287 0.2091 0.1939
2.0 C.200 0.2000 0.1998 0.19% 0.1979 0.1959 0.1834 0.1733
2.2 0.1712 0.1712 0.i711 0.1710 0.1703 0.1o94 0.1628 0.1560
2.4 0.1479 0.1479 0.1479 01,d479 0.1478 0.1477 3.1453 3.1413
2.61 0.1289 0.1289 0.1289 0.1290 0.1294 0.1298 0.1305 0.1288I 2.8 0.1131 0.1131 0.1132 0.1133 01140 0.1148 0.1178 0.1179
3.0 0.1000 0.1000 0.1001 0.1002 0.1012 0.1022 0.10b9 0.1083
3.2 0.0890 0.0890 0.0891 0.0892 0.003 0.0915 0.0974 0.0999
3.4 0.0796 0.0796 0.0798 0.0799 0.0811 0.0824 3.0891 0.0925
3.6 10.07!6 0.0717 0.0718 0.0719 0.0731 0.0745 0.0818 0.09581
3.8 10.0648 0.0648 0.0649 0.0651 0.0663 0.0676 0.0753 0.0799
A4oi 0.0588 C.05S9 0.0590 0.0591 0.0603 0.0617 5.0695 0.0T45
4.2 0.0536 0.0537 0.0538 0.0539 0.0551 0.0565 0.0644 0.0697
4.4 0.0491 0.0491 0.0493 0.0494 0.0505 0.0519 0.0598 0.0653
4o.6 0.0451 0.0452 0.0453 0.0454 0.0465 0.0478 0.0519 0.073
4,.e 0.0416 0.0456 0.0453 0.0459 0.0425 0.0472 0.0556 0,0576
5.0 0.0385 0.0385 0.0386 0.03-7 0.0397 0.0409 0.0485 0.0543
5.2 0.0357 0.0357 0.0358 0.0359 0.0369 0.0380 0.0454 0.0512
5.4 0.0332 0.0332 0.0333 0.0334 0.0343 0.0354 3.0426 0.0484
5.6 0.0309 0.0309 0.0310 0.0311 0.0320 0.0331 0o0401 0.0458
5.8 0.0289 0.0289 0.0290 0.0291 0.0299 0.0311) 0.0377 0.034
6.0 0.0270 0.0270 0.0271 0.0272 0.0280 0.0290 0.0356 0.0412
6.2 0.0254 0.0254 0.0255 0.0256 0.0263 0.0273 0.0336 0.0391

16.4 0.0238 0.0239 0.0239 0.0240 0.0248 0.0257 0e0318 0.0372
6.6 0.0224 0.0225 0.0225 0.0226 0.0233 0.0242 0.0301 0.0354
6.0 0.0212 0.0212 0.0213 0.0213 0.0220 0.922R 0.0285 0.0337

17.0 G.0200 0.0200 0.0201 0.0202 0.0208 .0216 0.0271 0.0322
7.2 0.0189 0.0189 900190 0.0191 0.0191 0.0205 0.0258 0.0307
7.4 0.0179 0.0179 0.0180 0.0181 0.0187 0.0194 0.0245 0.029 4
7.6 0.0170 0.0170 0.0171 0.0172 0.0t77 0.0184 0.0234 0.0281
7.8 0.0162 0.0162 0.0162 0.0163 0.0169 0.0175 0.0223 0.0269
8.0 0.0154 0.0154 0.0155 0.0155 0.0160 0.0167 0.0213 0.0258
a.2 0.0147 0.0147 0.0147 0.0148 0.0153 0.015q 0.0203 0.0247
8.4 0.0140 0.0140 00140 0.0141 0.0146 0.0152 0.0195 0.0?37
8.6 0.0133 0.0134 0.0134 0.0135 0.0139 0.0145 0.0186 0.0228
8.8 0.0127 0.0128 0.0128 0.0129 0.0133 0.0139 0.0179 0.0210
9.0 0.0122 0.0122 0.0122 0.0123 0.0127 0.0133 0.0171 0.02111
9.2 0.0117 0.0117 0.0117 0.0118 0.0122 0.0127 0..0164 0.02031
,.4 0.0112 0.0112 0.0112 0.0113 0.0117 0.0122 3.0153 0.0195
9.6 10.010Y .0107 0.0108 0.0108 0.0112 0.0117 0.0152 0.0188

1 9,8 0.%-,103 0.0103 0.0104 0.0104 0.0103 0.0112 -.0l46 0.0182
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'table V-2{

CCNSTANT E2 IN THE SOLUTION FOR THE PERIODIC TECrINIQUE
WITH F!. TE.. Wakl.. LIUNG ,TiNAL CUNDUCTIUN

7p1 tu
L 0 0.001 0.005 0.010 0.050 0.100 0.500 1.000;:;[" --------------- =-°--- =:~-----------===

am===------------F. r0.1923 0.1923 0.1924 0.1926 0.1936 0.1949 0.2057 0.21911
0.4 !0.3448 0.3449 0.3454 0.3460 0.3509 0.3572 0.419 0.52471

O~b | 0.440 413 0.4420 0.4428 0.4493 0. 4573 0.508 0.5147
0.84 0.3550.4879 0.483 0.4888 0.4925 0.4964 0.5000 0.2705
.1 0.500 0.5000 0.5000 0.5000 0.4995 0.4983 0.4714 0.-309

1.2 0.4918 0.3917 4 1 0.4909 0.41173 0.4 82 04409 0. 9751
1.41 0.4730 0.472 0.4723 0.4716 0.4661 0.4594 0.4123 0.3694
1,6 0.4494 0.4493 0.4486 0.4479 0.4417 0.43-3 0.3865 0.3453
..81 0.4245 0.4244 0.4237 0.4229 0.4167 0.494 3.3633 0.32441
2.0 0.4000 0.2998 0.3992 0.3985 0.3926 0.3857 0.3425 0.3062
2.2 0.3767 0.3766 0.3760 o3753 0.3699 0.3 3237 0.2900
2.4 0.3550 C.3541 0.3544 0.3538 0.3489 0.3432 0.3068 0.2755
2.6 0.3351 0.33, 0.3345 0.3339 00296 0.3245 0.2914 0.2b25
2.8 0.3167 0.3166 0.3163 0.3158 0.3119 0.3074 3.2775 0.2507
3.0 0.3000 0.2999 0.2996 0.2991 0.2958 0.2917 0.2647 0.2399
3.2 0.2847 0.286 0.2843 0.2839 0.2810 0.2774 0.2529 0.2300
3.4 0.2707 C.2706 0.2702 0.2700 0.2674 0.2642 0.2421 0.22091
3.6 0.2579 0.2578 0.2573 0.2573 0.2550 0.2522 0.2322 0.2125

3.8 0.2461 0.2461 0.2459 0.2456 0.2435 0.2413 
3.2229 0.2048

4.0 0.2353 0.2352 0.2351 0.2348 0.2330 0.2308 0.2143 0.1975
5.2 0.2253 0.2253 0.2251. 0.2Z49 0.2233 0.2213 0.2064 0.1905
4.4 0.2162 0.2161 0.2159 0.2157 0.2143 0.2125 0.1989 0.1844
4.6 0.2076 0.2075 0.2074 0.2073 0.206 0.2043 0.1920 0.1785
4,8 0.197 0.1996 0,1995 0.1994 0.1982 0.1967 0.1855 0.1729
5.0 0.1923 0.1923 0.1922 0.1920 0.1910 0.1897 0.1794 0.1537
5.2 0.1439 0.143 1 0.143 0.1852 0.1L43 0.1831 0.1736 0.16281
5.4 0.1790 0.1790 0.1389 0.1388 0.1780 0.1769 0.1682 0.1581
5.6 0.1731 0.1730 0.1730 0.1729 0.1721 0.1711 0.1631 0.1537
5.8 0.1674 0.1674 0.1673 0.16T3 0.1365 0.1656 3.1583 0.1495
6.0 0.1622 0.1621 0.1621 0.1620 0.1613 0.1605 0.1537 0.1155
7.8 0.2572 0.1572 0.1571 0.1261 0.156 0.1530.1499 0.1417

6.4 0.1525 0.1525 0.1525 0.1524 0.152 0.1511 0.1451- 0.1381

6.6 0.1481 0.1481 0.1481 0.1480 0.1475 0.14a8 0.,115 0.1347

6.8 0.1439 0.1439 0.1439 0.1438 0.1134 0.1428 0.1378 0.1314
8.0 0.1400 0.1400 0.139 0.1399 0.1395 0.1389 0.133 0.1273
7,2 0.1-63 0.1363 0.13622 0.112 0.1358 0.1353 0.1309 0.1253

7.4 0.1327 0.1327 0.1327 0.1326 0.1323 0.1318 0.1278 0.13225

7.6 0.1293 0.1293 0.1293 0.1293 0.0289 0.1285 0.1247 0.1197

T.8 0.1261 0.1261 0.1261 0.1261 0.1257 0.1253 0.1218 0.1171
8.0 0.1231 0.1231 0.1230 0.1230 0.1227 0.1223 0.1190 0.0174o
8.2 0. 12 02 0. L-e02 0.1,201 0.1201 0. L1,98 0.1195 0.1164 0. I122
8.4 0.1174 0.1174 0.1174 0.1173 0.1171 0.1167 0-1138 013'99
8.6 0.1147 0.II f7 0.t147 0. 1147 0.1I1'4 0.1I141 0.1114 0.1076
8,8 0.1122 0*1122 0.1122 0.1121 0.1119 3.1116 0.t091 0.1055
9.0 0.1098 0.1098 0.1097 0.1097 0.109;5 0.1I09Z 0.10a8 0.1334
9.2 0.1074 0.1074 0,1074 0.1074 0.1072 0.1069 0.1047 0.1015

9.4 0.1052 0.1052 0.1052 0.1I051 0.1050 0.1047 0.1026 009951
9.6 0.1030 0.1030 0.1030 0.1030 0.I028 C1.102b 0.1006 00977
9.8 I,0.I010 0.1010 0.j~iO 0.1009 0.1008 0.1006 3.0987 0.09591
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Newton-.Ranhson m~thod (161 to firO the routs I 1 2ancm-b

used to calculate z and c 2 for :inte=-ediate 'ua]zs of * and A

not provided by t-he tables. it is entemxx4 by meaxzs of the fortran CM-

statement, see -Apendx VIT. For the fluid

Amplitude Attenuation . =en--Z (--

and

Phase yhft= c

W~hen 1~ 0

1 and
+2 ~ 2

Solution --or wali Lonitudir4. Cmxautiz-. !nfimite

Ais the iral! longitudinal comd-%--ion paraxeter jbce r

large ()~,the tereaueT of w aaU beres ay
w

of time 9). The teo -- tv-re T, o:f the :Fjjj4, remaim. a fc~cic of t

tim e and distance x. ~IeA Sqs. tv-5) and j^T-9) br-c

c + -T

The conservatiori of energy applied to *-%e solid Wali s7v- of =Mft

depth normal to Fig. iv-, can b(*i state-! by the foiL-Avig eai

L
-hf (?i--)dx + 17 331,,

Thbe conser-iatiors of energy applied to the fiuid syste IS . -c

be stated:

0



IntroducJ.g some of the nomenclatur, of Eqs. (V-12), Eqs. (V-23) and

(V-34) become:
N*1 ftu dT

N fdz +T +- 0 (V-35)
"tu ./

tu * Nt

dz + - Tf dZ T- 0 (V-36)
tu tu

o '0

The solutions arc
* I I,* c4 Z*

[g- T= exp(CZ) sin + -Cos (V-37)
3N tu

T NUI\ 3 ~ 3 tuI + tu

2C 3 = (V-39)Ntu

4+ +

exP.Nt 1 + N-t

4 + Ntu (V-40)

2

The phase shift of the fluid for c =o at x = 1 is presented in

Figs. V-2 through v-5. The amplitude attenuation of the fluid for*

w = at x = 1 is presented in Figs. V-6 through V-9.

Figs. V-10, V-I1, and V-12 show what is happening to both the fluid
temperature Tf, and the wall temperature Tw, as functions of time

space x , and wall longitudinal conduction X. Fig. V-10 shows the time-

varying temporatures at the heat exchanger matrix exit (x = 1). The
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Figure V-12 Sample of the Time Varying Temperatcre Difference
(Tf - T,) at the test matrix exit, x* = 1. (T-.?
plot is phase-shifted in time to appear as a
sinusoidal curve beginning at zero.)
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changes in amplitude attenuation and phase shift due to longitudinal

conduction effects can be seen. Fig. V-Il shows the wall and fluid
.*

temperatures along the longitudinal axis of t.he core at time 9 = 0.

Again the effects of longitudinal conduction can be seen, however in this

case the amplitude attenuation change and the phase shift change cannot

be read directly. Fig. V-12 shows the temperature difference between

the fluid and the wall for the (X = 0) case. The difference is a direct

measure of heat flux to and from the wall. Because it is small and

creates an illusion, it is difficult to read this difference from the

= 0 curve in Fig. V-10. A dotted line representing the onstant heat

flux boundary condition is superimposed on the figure. It shows that

the periodic technique tends toward the constant heat flux boundary

condition. Results of testing are therefore not expected to agree fully

with theoretical predictions using the constant heat flux boundary con-

dition.
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APPENDIX VI

ERROR ANALYSIS FOR THE PERIODIC TECHNIQUE

The periodic transient technique requires acrurate measurement of

temperature variation upstream and downstrsam of the core. Matrix physi-

cal properties such as density pW' specific heat cw, and thermal

conductivity kw  must also be known. The objective of this appendix

is to show how uncertainties in the temperature measurements and in the

core physical properties may affect the heat transfer test results (the

j--NR curves).

Fluid Temperature Measurement, Sinusoidal Case

The solution for the fluid temperature when wall longitudinal con-

duction is ze~o (X = 0) is given by Eq. (V-18). At x = 1 this equa-

tion becomes

T = (xp tu) in(V2fl + 2) IS + * 2 t l

Amplitude Attenuation Method - The amplitude attenuation method compares

the amplitude of the temperature wave downstream of the test core with

the input wave upstream of the core. At x = 1 the amplitude attenua-

tion from Eq. (VI-l) is
-Nt

Df = exp (+,2) (IV-2)

Experimentally this is arrived at by recording tie upstream and down-

stream temperature waves and selecting the maximum ani minimum values on

the waves. If the outlet amplitude, called bTf2 , has an error, the

following result is obtained from Eq. (VI-2):

6Tftj_ (vi-3)= exp}
0 Cp 9 + 2"v-
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and

dh/ N r 2 2
":5Tf/1o exp + t2 1  (u2-1) (VI-4)

f21 I4N, ( 1)
Cu

Note the singularity in Eq. (VI-4), for 4 = 1 the amplification factor

goes to w.

Phase Shift Method - The phase shift method compares the phase of the

temperature wave downstream of the test core with the input wave upstream

of the core. At x = 1, the phase shift from Eq. (VI-I) is

Yf - * .2 Ntu (lI-5)
1+*

Experimentally the phase shift is arrived at by determining what portion

of the input wave length (considered as 2Tr radians) has been shifted by

passage of the fluid through the test core. If the outlet temperature,

called Tf2, has an error, the following result is obtained from 3q.

(VI-1):

T -
f2 ~n lVe6Df sin( . 2Ntu (i-6

Noting that the phase shift is measured at

2 Ntu (VI-7)

it follows that

dh h r 21 (VI-8)

For a given Ntu, one m.y evaluate the right-hand sides of Eqs.

(WI-4) and (VI-8) for various values of #. The best experimental value

of (with least resulting uncertainty) and the best method (amplitude
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attenuation or phase shift) may be selected and used in testing. Fig.

7.3 is an operationally convenient plot showing the Values of # and

the method to use for values of 0.2 < Ntu < 50. This figure is a plot
tuu_ of * versus Nuand the be., t test method t.hat uwill yield the minimum

uncertainty for the heat trans-er coefficient is noted on the graph.

The magnitude of this uncertainty is about percent on h for a

df2/ATO magnitude of 1 percent.

Test Core Physical Properties

The periodic transient technique requires that the matrix physical

ZE properties such as density pw. specific heat cw, and thermal conduc-

tivity kw be known. The technique calculates the parameter * from
w

experimentally obtained Df and Yf, using Eqs. (VII-17) and (VII-IBi.

Density of the Core Solid Material - The laboratory technique used for

calculating the core porosity p is to measure the core mass M, the

frontal area Afr , the flow leiugth L, and use the following Eq.

(VI-9):

A H
AP I (VI-9)
A fr Afr Lw

The sensitivity of the NSt to uncertainty in pw may be found using

A
N Lh t (V1-10)

Gc Ap

where

A- = -PvA aL

For the revised BWyley Model (15]

A r

A T
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where 11 is a constant based on observed or measured cell characteris-
tics such as cell count or cell shape. Combining Eqs. (VI-9), (V-1O),

and .VI-12) *nd differentiating yields

N j 1p 'Pw
NSt T 2D P

The sensitivity-of NR to uncertainti-a .n Pw may be found using

4rh G A
R - = (I%'-14)

Combining Eqs. (VI-12) and (VI-14) ad differentiatirg yields

'R - -(l-P) 69 (IV-15)
NR  2p Ow

For the case of fully developed laminar flw ir. tubes, with the

constant heat flux or constant wall temperature boundary condition, and

a fixed geometry, the Nusselt number is constant and

A h4rh
S= = NStNRpr (IV-16)

The relationship between j and NR has the form

j E (I-17)

gR

where E depends on the cross section geometry and the boundary

condition, and

d dNa =dE _ R
j E N-(V18)
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Combining Eqs. (VI-13), (vI-15), and (VI-18) proauces

dE
= 0 (VI-19)E

This means the j-N R characteristic is Peot sensitive to uncertainties

in pwa even though j and NR if considered individually are.

Speci5ic Heat of the Core Solid material - _The core specific heat c

will affect only the heat transfer results, j, of the periodic tech-

nique. Flow friction rasults and Reynolds number are not affected.

Differentiating Eq. (VI-10) yields

- + (VI-20)

"St W

From the definition of w (M 2ICw/Cf8)

* dc
_= (V-21)

* c
W w

For the amplitude attenuation method, the eci~ation used for

cemputing * is Eq. (VII-l?). Using Eq. (VII-17) in Eq. (VI-20) yields:

dN/N + 2 2 2 -1/2

dc%/c - 24 4 ) 2

(The plus sign is used for * > 1, the mintis sign for 4. < 1.

For the phase sh$.ft method, 4 is z omputed using Eq. (VII-18).

Combining Eq. (VII-18) and Eq. (VI-20) prodLcev:

"t S t 1 1dcj/c =  2- 1+ 42 (VI-23)
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T

The sensitivities in Eqs. (141-22) and (VI-23) are plotted in Fig. vi-i

for 0 < # < 10, X = 0, and no temperature measurement error.

For the maxiimm slope method (12) with = 0

dN st NSt
2.2

dcW/ cw

for the range Ntu > 10.

Thermal Conductivity of the Core Solid Material - The solid wall thermal

cond-uctivitv affects only the heat transfer results, through the wall

longitudinal conduction parameter X. For the periodic technique, this

affect must be taken into considaration if ) Ntu> 0.01 (For

Nu= 0.01, the influence on amplitude attenuation and piase shift is
tu

less than 1 percent). Generally the magnitude of the wall longitudinal

conduction effect on heat transfer results is less than 10 percent.

Therefore an uncertainty in solid thermal coaductivity kw of 10 percent,w
hence in X also, would produce only about a 1 percent uncertainty in

heat transfer results.

Consider for example the actual test point for Core 510 which had

the largest X Ntu = 0.091. If the effect of longitudinal conduction was

completely ignored, the heat transfer result would be 6.9 percent in

error. under the same test conditions, the maximum slope method would

have been 7.1 percent in error if the longitudinal conduction effect was

completely ignored. Therefore the periodic tt chnique is about as sensi-

tive as the maximum slope single-blow techni.q -o wall lorngit!-dinal

conduction effects.
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APIFEMIX VIl

DAT ;mtXaCTIMI.

Single-Blow Technique

The cc=_puter yxogrm used is as descri=ed by j eejer in _5.
cal properties, =uc&- as specific heat, thue=a a-#- aa si*t_
of the core solid material were taken from 1] and -re (for

temperature conditions)

--3
pW = 141 fr

c = 0.200 Btua/(%15y~)

k. 0. 42 r u/ (hr ft 4?)

The physical properties of air used in data are

fro= Bureau of Standards Sources riO] and the --rddity crr- --cr-s ae

made in accordance with the =-thod describeddby SL- a- ;.

!The maxinwi slope nethod is used in this proDgram. =rt desAa

form the maxi== slope is

E x.3:-O
Max Slope = _IS =

c x (:t)

DTAU is tha tine (sec.) required for the --='- " t mr-e to

change its full value, 1.0, at the m-imum rate of chae ! ae

of four runs at a single flou ra- -t step-up and to step-d. is

used. The longitudinal condaction par-am-eter- I is also recuir--ed tn'

establish N~ t. A graphiical and talular presentaticr of-Nt as a : ct

of max. Slope and ), is given-- by (1l2]. she c;uteR- prnr izmure

this in the farm of a =look-up' table.

N~omenclature for the campiuted data is ;?reseentedi in zable V

Single-blow heat transfer test result iUs i gs are m-ro-ied f= co-res

505A, 505B, 505C, and 510 in Table VI-2 for both the a d

unaided cases. Tbe flow friction results a revi--aly ide--- frr



the aided and unaided cases. Flow friction results for core 505A may

be found in [15]. Flow friction results for core 510 are included with

the periodic resul~s, in this appendix.

Table VII-I

NOMENCIATURE FOR SINGIE-BDO. HEAT TRANSFER RESULTS

W Flowrate, Ibm/hr

G Mass Velocity, ibm/(hr ft
2

TBA Average core inlet temperature, OF

DTVU The time required for the nondimensional

temperature to change its full value, 1.0,

at the maximum rate of change, sec

IAMBDA X, heat transfer longitudinal conduction

parameter, dimensionless

MAX SLOPE Maximum slope, dimensionless

NTtJ Ntu, dimensionless

N51 NSt , Stanton Number, dimensionX..sa

J Colburn j factor W StPr 2/3, dimensionless

NR Reynolds Number

100
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Table VII-2
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DATA REDUCTION - cont'd

Periodic Technique - Heat Transfer Calculations

The measured inlet and outlet temperature variations (x* = 0 and 1)
of the fluid are processed using Eqs. (V-29) and (V-30)

Df = exp(-e 1N)tu (V-29)

Yf = "2Ntu (-1-30)

to determine the heat transfer performance. The terms eI and e2 are
listed in Tables V-I a I V-2 as functions of * and XNtu.

Since the inlet and outlet temperature waves are not in general pure
sine waves, the analysis of Appendix V is modified using Fourier Series
to account for this. If only the first harmonic is considered, a general
periodic temperature variation at the test core inlet can be represented
by:

B
B0 21T21

(0, ) + A sin- + B cost- 8 (Vi-l)f o eo

where

A = 2 Tf(0,)e) de (VII-2)

o f°

B 'e
% T =- I°  T(o-e) d 9 MI4)

Tm 2 80 1 Tf(08

0
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The measured periodic response of the fluid (x* i) n be rcpresarsted

in like manner byi

*b

o 21T
TfX = 1,) = - + a sin2-9 + b cos-e (VII-5)

f 2 TO go

where

2 9o0T~x 2T
a =-- T (x 1,e) sin -- 0de (VII-6)

0

b = 2 Tf(x*= ,e) cos-0do (VII-7)
00

bJo

T 1 - o Tf(x 1,0) de (VII-8)

0

Eqs. (VII.-4) and (VII-8) serve as an experimental check on the adiabatic

behavior of the test section from x = 0 to x 1.

The above analysis is similar to that in [4] where the higher

harmonics were also considered. However, the higher harmonics have no

value in the heat transfer calculations, so they are deleted from this

analysis.

The Fourier Coefficients in Eqs. (VII-2), (VXI , (viI-6), and

(VfLi-7) can be numerically determined using the Trapezoidal Rule. The

temperatures, Tf(0,B) and Tf (x 1,9), must be known simultaneously

as functions of time for at least one perio g 0 ; this may be done

graphically. Each period 0 of these two wave functions is divided

into (K-1) equal intervals with K data points. The first data point

is considered as at 0/0 = 0 and the last as at g/,3 = 1. However

the first point may occur at any point- in real time on the wave function

records, keeping it simultaneous for both the upstream and downstream

records. The two temperature wave records are used in Eqs. (VII-2),

(VII-31, (VII-6), and (VII-7) to obtain the Fourier Coefficients. This

is done numerically using the following approximation (Trapezoidal Rule)

with B as an examplP.
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Tf(, ) Tf(0, !--(i-l)) Tfi(X = 0) i 1,2,.K

(VII-9)

B = + YK +- (VII-10)

where

y= T cos[2nT_( ) i i, K

Other Fourier Coefficients (A, a, and b) can be calculated in like

mainer by using the appropriate temperature record in Eq. (VII-9) and

the associated trig function in Eq. (VII-If).

The number of data points, K, typically ranged from 30 to 50 for

the results included in this appendix on Core 510. This makes the

Trapezoidal Rule reasonably accurate. The number K can be either even

or odd.

The temperature records were obtained with one uneywell Electronik

19 Single-Channel Lab Recorder. To obtain the upstream and downstream

temperature records, the recorder was connected to t he upstream thermo-

couples for at least one period e0 and then quickly switched to the

downstream set for at least one period. Using the -,mitchir; t :m the

starting point for the downstream record and then "backtracking" one

period for the upstream starting point, two simultaneous wave traces

were obtained.

The rourier Ccefficients are used to determine the experimental

amplitude attenuation and phase shift as follows [4]:

Va- + b 2

Amplitude Attenuation =- 4a + 2I+-B2)Dr,expr 4 A2 + B2

a A

Phase Shift :y, I I ( -
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These relationships are combined with Eqs. (V-29) and (V-30) to obtain

exp(-c1Nu A (VII-14)I'tu
u tan-  (VII-45)

bB

1 and C2 are complicated functions of 4 and 7Ntu and

fo= *- .! (viI- 16)

the above eqzations cannot be solved explicitly. For the case where

X = 0, using the amplitude attenuation obta.ned experimentally and
2

= /(1 + 2), Eq. (VII-14) can be solved for 6:

._ /2 + -2 - ~ 2I (VII-17)

qx, expr) \)f, ex

(The plus sign is used for 4 . 1, the minus sign for < 1.) U.ing

the phase shift obtained experimentally and e2 2 Eq.

(VtI-15) can be solved for 4:

-11/

exr

A heat transfer performance pame t ,  can ncw be calculated using

Eq. (VI-16)

tu
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These values for * and Ntu are only fully applicable if )Ntu = 0.
However, they are the initial values to use when entering Tables V-I and
V-2 to obtain approximate values for C and 2. The experimental
amplitude attenuation and phase shift can now bef, expr Yf, exprmodified as follows to obtain corrected values that are closer to Df

and yf for XNtu =0:f

D =f D f - + (Vii-19)f, mod f, expr jDf, expr +

where

f Df, X=0 Df, e .pr ('.I-20)

and

no exp - tu2

Df, expr exp(-eiNtu) - 1

fod = f, expr [ f  + 1 (VII-22)L f, ex;r

where

AYf fX=0 - Vftexpr (VII-23)

and

AYf I +42

Yf, expr 62 (Vi-24)

The Df, ,d  and YfMod can -bow be used in Eqs. (VII-17) and (VII-18)
to obtain new aproximations for * and hence Ntu. Tne whole procedure
can be carried through as often, as needed to obtain the desi-ed accu_-rcy.
Df, =od and f converge rapidly to Df, =O and Y For"f o ,X, "f,.=O0"exa ple, in the calculations for Core 510, only two iteration c _cles
were used at most by the comguter progr=; the tird iteration cycle
produced a change in D, of less thian 0.1 percent of D- . he totalz, e-p"
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change was 6.4 percent of D- T.._ is r1:, expr .... 4 process ideally suited toa high-sDeed digital computer.
Other heat transfer parameters can now be calculated using:

tu

= 18o
w 2RC 

(VII-25)

N~t h A

St c A

p
j N ~2/3

StJPr

The total suriAce area A used in the calculation of lt and f,requires that the passage geometry be known. A model is used for thepurpose of calculating a from more readily measurable quatities
including porosity p, cell count N cells/in2, and thz cell heightto width rati d The model used for Core 510, Table VII-5, is tne
"Revised Triangular Bayley" model [15.:

*2 i

-V+ (VII-26)

Ths total area may be calculated using

A = a IAfr 
(vII-27)

The hydraulic xalius, used in NR is defijed as [14]

AI

a-

pI

-- , ( -2a
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Friction Factor Calculations

The relation used for the calculation of the friction factor is

from [14]:

ci (X - +1-p 2- )+I

A v M G 2V., ~ c vi v

(VII-29)

where the subscript 1 indicates x =0 and 2 idicates x =1 and

v= (V. vZ)/ (VII-30)

The temperature used in the calculation of v Mis the time-me-arz tempera-

ture of the fluid leaving the heat exchanger, T (x 1).

Perirodic Technique.-Computer Program for Data Reduction

Vhe data re.Cduction program used in the periodic technique to cal-

culate the heat transfer and flow friction characteristics is described

in this section. The prcqram is written in the Fortran IV language and

was used on an IBM 360/67 computer. It is based on r4" but has beer.

extensively refined. Thbe program has been. successfully used for a test

range of 0.4 < N t < 36.6. it is designed to be used -.4ere one tempera-

tare record is taken upstream of the heat exchanrger test core ania the

other is taken downstream of the core. The program is -lt sensitive to

the point in real tim.-e used as a starting point, but the upstream and

downstream records =ust occuar sinultaneously.

Inpujt Format3 and -=~enclatare

Input, is in the form of data rets. A data set consists of test

core z-arzmeters (Cards 1' through 3) followed b-- i;ndiVidua_ "'- __

tio-n (carJ It through 8) all usL-og thFe sane zet of cor-.- 7ar~-'-ters.

-nr nb-mmr of data sets zay be -. -in s*ries.



Card 1 This card contains the nu v ei tt i ...... clm... ... ... 4 * Arcatlon 3-1 column~s1 thzough 76. A nonzero digit in column 80 is also required.
This card serves a dual purpose. It initiates a new data set,
and it causes a summarLY of the previous data set results to be
listed should one exist.

Card 2 This card contairs the test core parameters and geometry infor-
mation for the series of test runs that fol low. Each entry
should contain a decimal point. The columns allotted, variable
nayes, definitions, and dimensions are as follows:

Col. 1-8 AL? - core alpha, ft 2/ft3

9-16 POR - core porosity

17-24 AFR - core frontal area, in2

25-32 LENGj - core flow length, in
33-40 Wx - core weight, lbm
41-48 SMnP - core specific heat, Btu/(lm 1F)
49-56 KC - core Kc
57-64 E - core X

65-72 COND - core conductivity, Btui(hr ft OF)

Card 3 This card contai-z the dry bulb tezperature and the wet bulb
tw-r.iratr-e for use in calculating the airstrea= h-umidity.
Each entry should contain a decimal point.

Col. 1-8 TB - dr- - bulb tuerature, OF
9-16 TWB3 - wet bulb te!,e-ture, OF

Card 4 This card contai-.s *Le individt.l test rn descri tcn ,:nI
c-luzurs 1 t-rou-c1 76. Coluan 80 is left blank.

Card 5
Col, 1-2 N - '-r of ter_--atue points wh-tich are read

freach teaver-attue rLcord i" this test- 'JM
dec;mal Point is need-ad, bmt ric-it adjust-
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9-16 IRJ -reference itanctio- I el n=~l~s

copper-constaftam ther~ocouple with an ice bat-..h

17-24 PLERRI0 - the Period i-% of the indivifta! tesz un

sec.

Card 6

Col. 1-30 T(I) - ten of the upstrea= tow---re ata points

whfich are read offA the upstr-ean record As =&ay: of

these cards are used as is remm'ed. --ttree ois

are allowed for each t2eau reae;i Z- -2

volts, with n~o d-c-al -paint re-q_,7S4 sa, ea~

entry must be right justMified i4n its 3 ~ins

Card 7 This card is similar to card fi, except stentcrue

readings: i:- microlots are entered.7

Card 8 This card contains fluid flowd rate tim a4e--tor ea= zmz

-Afidal test run. -Decimal pointsz are ro c=-ired in al.U etres

excent MET.

Col. I IO~rF - muber of or-if ice Plate used. OfiePlate

ntbewr I is 1- 301 inches in diztrand =-=-r ex

is 2. 201 inc-hes In dia-eter.

2-8 EAD - o-rifice mressure dro:p, in. vater

9-16 Ii?- core press-ure drop, w. zter

17-24 B.R anbient pressure, bearozeter, in. r-czzyi~

25-32 -=c -de:ssion of cor-e ialet press" heicu -bien-

in- water-

33-40 P! - 6ersinof o-rifice in-let =-ressm :-eo

mbe- -z-. water

Toe c==mute ure ha= c;- test runZ-- idt t!'=; S-e~e ars t~

are reoeated as otnas reie.I h oeis c~nq-:d C as

toi -zst acain be usaad. At - -m cn f. s a cad

a nceodig.zt in Colu= SO is Used4 to- cause a ar- f lat5r

Set to be Qrimted.



A Fortran Sourca Listirg c the Periodic Transient Technique Daza

Reduction Program is presented in Table V-_1-3.

Additional -nformat.on on the Use of the perlcdic-Test-Technique

Data ! aduction Program

Ihe program consists of thlree parts: the main program, the s--b-

routine C(XV.3, and the sbrou.ine C(ONTYTT The M.ain Program does the

bulk of the calculat!=ne ind all --C the input/output. Subroutire CONYRS

converts ther oupie voltage to degrees Fahrenheit. Eubroutine CoNEXC
calculates -a o2 using inputs or * nd itu.

A constant, cHAFA is included in the progxam as a scale factor.

it pr-vIvider flexibility and convqnience in the type of recorder used in

the- ezrncouple voltage input- Cards 0 and 7 ar- the number of thermo-

~guple£ esed. ultimatei4- the scale factor is Z.used:

X CHARTactual Zinput

-ysical properties of the solid core material ahd the physical propertie
of air use" in the 2eriodic data reduction are identical to thoSa des-

-cribed i-n this appendix .nder the Sinle-Boa4 Technique.-

Description of Stuboutine C0NDCT

The subroutire CONDCT, Table ViI-3, calculates z and C for values

of # and -Ntu and is used in the solution for the periodic technique

withi finite wall longitudinal conduction, Eqs. (V-25) and (V-26). it

is entered by means of a fortran CALL statement. A description of the

parameters in the SUBROLITlNE statement follows-

LNTU - product ,NNtu
P - nondimensional period t

OEV C 1 for X-0 or 1/(l +

OET e 2 for , 0 or 2/(1 +

EO - used in Eqs. (V-25) and (V-26)

E;T - C2 used in Eqs. (V-25) and (V-26)
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[7 1~Table V-7--3 nau I

-RIODIC TRINSIENT TESi wgj AA0JCI PG&'
-C

1 ~REAL LENGUItkos?~iK~,MJr.6A~~~
O1POSM- ALPfl419),SETil93.

3 DIMENS4 ION BFf tIt 3AR ISO.' tB( 11.23-,.fAt ; ,M9UI1 7 (1-301
-DIMENSION Aw23I(2IN:0tp(OSM2&?IGW&C23AST
LPR(2I),SPSI23.SI4A(O)SRCZ0,SSTPRRZO,AAF.IZCI ALANU(C)

7 CHARTeO.5

9 BARsO.O

- c READING IHE TEST tGRE PARAMETERS
c

to I REAC(5a491 At-(PINACT
it t9 FCR"A(I9A4v3X*FD1
12 - IVIINeACT.EQ.OJ GO TO 3

-13 IF&NC.NE.d! CO TO 4a
- . 4A Be 47S JBiI -

15 47 rsrT U0I-ALP$.44 J')
-16 AF.t*DzOAFPRAFES~WTSHp~~ ,CO3WD

11 AWAL. AF~k~i1.-PORI/11,4.
I- iiCz F5]qAFft

20

zz_ STP=(AC/AT 1'9ft'*l2.f3.3/144.
-Z-3O

C ASADING THE DAT& faR EACH -INDIVI'kljAL TEST CASE

27D L- .14 --

-580,58(T(I3,stI i,413
29 G1 O 141#42),PL.
W~ 41 WA I t 16-488'

32 -54 VUPAT t~w,14/3
3~ iI TE (6,14811
34 GOTOa

-35 4? WP ITE-t V4891
6 i_26 CONTINU2
7 IWRTEf6481(J#Tfji*JacN)

C CONVERTING MILLIVOLTS TO DEGR1EES F:

34 DO 19 IV-1,N
40 T(I)wT4I*CHART44j

-- 41 1.9 CALL CGNVS((13,TCGt43
42 Cf-L L Cm~Rs(PjTfTcO0i)
43 WRITE(648Z)fj#tJj ,JslI1

-44- WRITEI6#499)
45 0Sloa./FLOA(EN-11
46 PI-3.1l415926
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~±aeV, 1-3 2

C FINOIftG THE F~ORIERt COA-VFICIENTS
C.

41 00 23 FAW1,I1.
'8 5tlGUD.O

so WI"N-1

51 6R=2.**:*SIG*FLOAT (Ni)

c

52 AF(IjzV(I*SIl4(5Wz/.O
S3 6F(1)p-T(Il*3Sf9Rl/2.0
5* Do 30 J-29Sf
55 SIG-SOOSIG
56 SiRi? -OsPI*S IG, FLOAI10d 1

57 AFIJ)*T(JIOSIN(Rj
58 3-1 9F4,qU(J)*Of5XlR

54;AF(NJ-AFfNJ,.%

60 8F(Njm5F(Nf/2.
61 (iLZO
62 A(II.L)=0.0
63 00 40 K-1IN
64 f NV!,) -9 1 hikLl15FIKW
65 40 A(N'4,IJA(NN*L14AF(KI

66 BPiNsL Iob I NhL IfW.5FLOATUE))
67 2t £(NN,L,=hAitfl,L)flO.5FLDAT('EZ#I
63 D0 27 KI-Isl!
69 27 IZIKIUkI-1

72 WRITE(695101
73 2 C04TINVE
74 YMEAkwB(I*Z312.
is MUsO0C425+(5. LE-OSI efTM4EAN--40.31 .i.E-07 ( TNEAN-40.33**2

c CALCUJLATINIG THE FLOIe PARtAMETERS

74 READ(5,560OJ IO,HEADRP,0ARPCPO
77 WRITEI 6,509I8AR.RJTTCON,?ti4ENT03,TV8ALF.KCKEVV
78 PluffAR*0.13-PC*S.Z04
79 P2*P1-0R0P'5.;2G4
-90 P3uPi-PO*5.204
al V4wP3THEAG*5.204
812 X=(P3-P41fP3
83 Tis459.7TMA4

C
c DENSifTY CORRECTI-094 FACTOXS

off tfs0.0k Q6 91 9-0.0306795261USB+ 8.9i66lE-06*TVMl*2-O.000232*
I ( TCB-TI65

C SPECIFIC HEAT OF AIR
c

a& CP*10.87*H+1.O0310.24
8? Vi- IXV53.34'TiIIP1
as V2=V2Pl/P2
89 V3=VZ*PIIP3
90 V4*VI*P1IP4

114



Table V11-3 rage 3

rLCT~ T-E PA3PElk FLOJ CfEFFif-1E.TS

92 It V C-f.so S3
93 D8ElAaC. 4.ZS

VCs0.0127

ST7 Z? CPSO.1 100
Cgs SETA0.7193

t03 ROm48.*'1A4PI*ojAhw_*u)
;04 CFPu6F*C* i.060o4ao,.o.s

106 IIS.M1W3600.
107 LAMDAmlC0EDAWALLelz. IfLX-60TmOWeCPJ
106 540 FOfRAI1,F?.2*5F8.Z3
1o9 a4.s-ACLMTw f IAt*fta. t

it: w1TEt6*50SI
113 MRTE(,50I

its G*W*144.0/&C

c CALCULATfir. Ml FRICTIONJ fAC1Ot
c

It? GSubS*144.0&C~

I M R E V W O G , F 
-~ , T A . F L i 1 ~ . v H E I

120 WRITE (6v510I
121 WRlr!Egev4#993
tl? WRITEib4943
123 W1RTE(6A991
124 MRITE16t498)

C USING THE rO4JRIER COEFFICIENTS

C PHASE SHIFT CE4VMISOm
c

125 00 24 JJ-105
126 1F(N.EQ.3q GO TO 35
127 NNS-FLOAT JJI)*12 .*P 1*Cie 3PE-RIOD*M4SCPi
128 jK-Jj#*1

l2)*AIJK1 /(91JK,* 1'0f.m,2) 3130 tF((IERNN.Gt.0. 01 .AND. (WIs.rG.3.oo)) GO To 72131 IF1IERJNLT.0.)AND.EN,~GT
4 Z,)J SO 10 7!032 IF(ERMN.L.T.O.oJ GO TO 72

133 GO T073
134 ?1 ERPi-MERMI
135 72 ERP~w.ERNM#FI
136 73 CONTIWiE
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table IM1-3 Wmue 4

139 CKFoO
140 7 4 CfkwafM*WF

t42 "111MMMA.T.4j.01) 60 TO
143 PEEU 1.I$QAITRiz-IL.01
I"4 rLC,.9E~irtoFLOATIJJI*2..P1.FEE)
145 1MTtuFEftS
146 IFIjj.NE.11 W !v -Y&
141 LNU'TWLA$6SAgNTU
141 CALL CGDCTILTUvFEfvOCO.6T.EO,ET1
i4s9 WoGFOET-ET1.,m
ISO SFfASICC-OF).ILT..Oo1.Eg,, Co To 74
151 i-M1:sDC

153 Go O74
154 is CM?01&,

c A9l t~I ATTEWjATIO CWOAJUSON

IS? ODfO-.0
1M 75i AT~.S~T( IJK,21**Z+tJKUe1J11Agj'. 114*Z.5JK4,..*2,,159 5TE*ovATE5xIoW
160 1ENII/ _ IO4TEMJ IM* IFITEOLN.Lr.(1.oll ;;*To a8

W4 F~TE5SQR~iTERPfA*Z.O.. *Q
16.4 - FSE
165

167 EFtJJ-ME.tl GO TO 77
1I" L~nmLA4SDA*,Ty
149 CALL.
-170 -rF&V-E"UDE~-I~oiLA
In, - ffI$DOVF-O~.LT..OO1.A'VeW,4 GO- TO 77172 EqWOFO
173 mor-F'DF
174 GO TO ?a
ITS 77 CONTINUE
M7 ftCSPEfIO,(FI2.P,FLIDATEJJ1.

177 SO TO 89
175 so FEsO.0 -
179 RCM0.O
ISO PEROO.0
l61 RkCh-.0
182 89 RTUA-FE*UviS
163 STPRR*ftTU*STP
164 STPA*ftTUA*STP

C OUTFPUT OF TEST RESULTS

165s URI TE647JJvFETJA. #*STPft.FEC.itrU.tCC.STARR.A,. ERMtpWr#cF186 IFWiJJJEE.) GO TO 24
167 35 AU11C1UWH-
128 AAFUEC)I*F
189 16140-0G
190 Pf(I)i~x
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able Vi-~ page

191 IFift.EQ.31 GO TO 24
192 PDU K; PERIOD
193 PSAWNCI-FE
194 £XThINCI-TUA

1I9 5ftC(icZuZc
20C SST"Ro14S .T~tm

292 6G To ?4
203 S WR1(44j
204 24 c0&tEJ

206 48 00 61 t-i.3
201 URITe'4.1sol
206 150 C07112-X~0I W~Q~ ~PatlMfta.RS lI
209 WRIT EIS.S-IDET
210 51 F~I~3X1Mf
211 wtf LrE6&i2 1ISIAFR. LMT-1.01W ALF *WtrSP-47 .t5S~MK ECR
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is 'verv r~pid a---, iteratmim is stp-pped th~ de b.±ic hemes less.

thzan 0.1 =ez-Ca=~-t ofc r C7 e d -e tzea_

in te xtraxze case v'ith v; 3-5 and z = S

~.v~.#i ~c~iz~-. t~tof sIest0 ; es ;

?WO fo~ Of the ct- are 11dd 1 *be p di .- nzedt

imvts. the corsodn 4ea~e h tcr

friti rsat3 reprzned A-, the e~of exch- data --e-, a s,=nrrx

of &a te xr:ES for th*--e t is lie-e& The !e= 1atmore frthis UIistl=a

is giv@en in. Tabl.e -.-n-4 a-, tuhe xe-..*ts o~tesq-4- s-n 5-19 axe pseted

in A-Table Vfl-S-

&able 7---4

NOSn~armFOP. P-mXruc-

Flc -xat2

G macss vai~ity.I hrt

- i~ynoIs n~erdimensionless

pmtam Aericd- of OSCUIfla-timn e- ec

IAN~ .,hesat transfar conatcc-ti&Li par~etmer

PSI y.piesica eriodoaslaic

Zcvi ivCw tiote constawnt cf the core solid material, se--o

3Colthur3 .j facor N.tq 2/3 ni~dS

Frication, factor, f. dienionless

Note: On~e paraneterS PSI, WIV.u FCW- n j Zife peie ~i

~The first set for the amplitrade attenuation method' uses
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